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Introduction: In elite athletes, the margins between success and failure are very small, and 
so to optimise performance, reduce the risk of injury and illness, coaches need to prescribe 
the correct balance between training load and recovery. Each player’s training response 
will be individual and depend on multiple factors. Therefore, a combination of monitoring 
markers of recovery are needed to help effectively evaluate a player’s training and recovery 
response. Aim: The aim of this programme of research was to evaluate the association 
between monitoring markers of recovery and training load, and to explore the relationship 
between training load, injury, and illness in elite team sports. Methods: Data were collected 
over a 10-week pre-season period with elite academy Rugby union players and over an 
entire soccer season (40 weeks), with elite soccer players. The 10-week pre-season data 
aimed to investigate the association between subjective and objective markers of recovery 
(salivary cortisol and adductor squeeze strength) and training load (session rate of 
perceived exertion; sRPE). Additionally, data were also collected to explore the association 
between salivary immunoglobulin A (sIgA), upper respiratory tract infection (URTI), and 
training load (sRPE). The 40-week soccer season data were used to explore the relationship 
between training load, injury, and illness. Five studies were conducted in this programme 
of research. Results: Study 1 results showed no significant association between salivary 
cortisol and subjective markers of recovery or training load in Rugby Union players. 
However, the findings suggested that salivary cortisol may be an indicator of a player’s 
physiological stress response, as the results indicated that if a player’s cortisol levels did 
not return to baseline by the following Monday, after a weekend match, they may not have 
fully recovered. It was also observed, where salivary cortisol significantly increased on a 
Friday (weeks 5 and 10), perceived fatigue was also found to significantly increase. Study 
2 investigated the association between subjective and objective markers of recovery and 
training load in Rugby players. The results found adductor squeeze strength significantly 
associated with perceived fatigue (r=-0.335, R2 =11.2%, p <0.001) and muscle soreness 
(r=-0.277, R2=7.7%, p <0.001). A weak association was also found between adductor 
squeeze strength and training load. Study 3 found an increase in week-to-week acute load 
change (>9%), and exponentially weighted moving averages acute:chronic workload ratio 
(>1.20), increased the risk of a non-contact injury, while a high 2-week (>4000 AU) and 3-
week (>5200 AU) cumulative load increased the risk of a contact injury, in soccer players. 
Study 4 found where sIgA decreased by 65% or more, a Rugby player was at an increased 
risk of contracting an URTI within the subsequent 2 weeks. The final study (Study 5), over 
a 40-week soccer season, found that an increase in 2- and 3-week cumulative load was 
associated with an increased risk of a player contracting an URTI. Conclusion: The 
findings of this research highlight that a number of different monitoring markers (subjective 
and objective), combined with training load, may be used to provide a holistic view of a 
player’s training response. This programme of research may help coaches to appropriately 
plan and adjust training, thus optimising the individual and team’s performance and, while 
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Glossary of Terms 
Acute:chronic workload ratio (ACWR) - a training load metric, which represents 
the ratio between acute (sum of 7 days training load) and chronic (average of the 
previous 28 days training load). It indicates whether the acute load is greater, less or 
equal to the preceding chronic load (Hulin et al., 2016). 
Contact injury- an injury that occurs as a result of physical contact with another 
player, object, and/or equipment (Fuller et al., 2006; Gabbett & Jenkins, 2011; 
Gilchrist et al., 2008).  
Ecological validity- the extent to which data can be generalised into real-world 
settings. It refers to the relation between real-world phenomena and the investigation 
of these phenomena in experimental contexts (Schmuckler, 2001). 
Elite- a player that only partakes in one sport (e.g. Rugby or soccer), is contracted full-
time with a club, and competes in the highest league of Ireland, and/or internationally. 
The highest league in Ireland for soccer would be the Premier League of Ireland and 
for Rugby would be the All-Ireland league (AIL), first division. 
Exponentially weighted moving averages (EWMA) ACWR- a training load metric, 
which puts a greater emphasis on the most recent training load by giving it more 
weighting, and a decreased weighting to the older training load  (Murray et al., 2017; 
Williams et al., 2017b). 
External load- the quantification of work external to the athlete (Drew & Finch, 
2016). It refers to all the player’s locomotor movements that can be measured through 
different methods, such as Global Positioning System (GPS) and accelerometers 
(Jaspers et al., 2018). 
Fatigue- the inability to generate a required or expected force (Gandevia, 2001; Green, 
1997).  
Flow rate- the total volume of saliva obtained in each sample (ml) divided by the 





Functional overreaching- accumulation of training and/or non-training stress that 
results in a short-term decrement of performance but after adequate recovery will elicit 
positive adaptations or improved performance. The return of performance can take 
days to weeks (Meeusen et al., 2013). 
Injury- any ‘time loss’ injury, where a player was unable to fully participate in 
training or a match (Fuller et al., 2006). 
Internal load- refers to the physiological or perceptual response of the player to the 
external load and can be measured through heart rate (HR) or rate of perceived 
exertion (RPE) (Gabbett, 2016). It quantifies the physical load experienced by an 
athlete (Drew & Finch, 2016). 
Lag period- the time between the dose (e.g. training load) and the response (e.g. onset 
of injury or illness) (Drew & Finch, 2016). 
Mathematical coupling- occurs when one variable contains the whole or part of the 
other variable. For example, if ACWR were calculated using the coupled approach, 
then the acute load would appear in the equation twice, both in the acute and chronic 
load data, meaning they would cancel each other out (Lolli et al., 2017). 
Mechanisms of an injury- the circumstances in which an injury occurred (e.g. 
trauma, overuse) (Fuller et al., 2006). 
Neuromuscular fatigue- any exercise that induces a reduction in the maximal 
voluntary force or power produced by a muscle or muscle group (Bigland‐Ritchie & 
Woods, 1984; Gandevia, 2001). 
Non-contact injury- an injury that was sustained without any extrinsic contact with 
another player or object on the field (Gilchrist et al., 2008). 
Non-functional overreaching- an accumulation of training and/or non-training stress, 
that results in short-term decrements of performance, due to inadequate recovery. If 
an athlete continues to have inadequate recovery, performance may further decline 





Objective markers- are internal or external markers of a player’s training or recovery 
status (e.g. blood, heart rate, saliva, countermovement jump) and do not include a 
player’s feelings or opinion, they indicate the physiological load placed (Djaoui et al., 
2017; Jones et al., 2017; Saw et al., 2015).  
Overtraining – an accumulation of training and/or non-training stress that results in 
long-term decrements of performance, the return of performance can take weeks to 
months (Meeusen et al., 2013).  
Physiological Stress- the internal or external forces or stressors, which alter the 
dynamic equilibrium or homeostasis of the body (Cayado et al., 2006).  
Rate of Perceived Exertion (RPE) - a subjective measure of a player’s perception of 
their response to the exercise intensity. It is an athlete’s perceived exertion from an 
activity, training session or exercise performed (Halson, 2014).  
Recovery- a return to a normal state of health, mind, or strength. Recovery is often 
viewed as the return of the body to a homeostatic state (Mujika et al., 2018). 
R-squared- represents the proportion/ percentage of the variance of the dependent 
variable explained by an independent variable. It is a statistical measure of how close 
the data fits to the regression line. 
Salivary cortisol- cortisol is a stress hormone found in saliva, serum and urine. 
Salivary cortisol has been found to be a marker of a player’s physiological response 
to stress, and may provide an understanding of the physiological response and 
recovery state from training and matches (Cunniffe et al., 2011; Lindsay et al., 2015a). 
Salivary Immunoglobulin A (sIgA)- the first line of defence providing a barrier for 
the body from foreign substances (e.g. pathogens/antigens) which can be responsible 
for causing upper respiratory tract infections (URTI) (Fahlman & Engels, 2005; 
Lamm, 1997; Mazanec et al., 1993). 
Secretion rate- the total amount of sIgA present in the saliva surface per unit time 
(Fahlman & Engels, 2005). It is calculated by multiplying the sIgA concentration 




Session Rate of Perceived Exertion (sRPE) - a measure of a player’s internal load, 
in one session. A session could be training e.g. gym, pitch, pool, bike, or a match 
(friendly or competitive). It is calculated from the modified Borg RPE, scale 1-10, 
multiplied by the session duration, i.e. sRPE= RPE x session duration (Foster et al., 
2001). 
Subjective markers- how a player perceives themselves internally, both 
physiological and psychologically, from the external load placed on them from 
training, competitions or non-training events (Jones et al., 2017). These can include 
perceived fatigue, muscle soreness, physical recovery and stress levels. 
Training load- the quantification of the load placed on a player from one training 
session. 
Training monotony- (daily sRPE/standard deviation) the variability of practices 
(Anderson et al., 2003; Foster, 1998). A low training monotony represents high 
variation within the programme (Piggott et al., 2009). 
Training strain- represents the overall stress demand on the athlete for a given period 
of time (Anderson et al., 2003; Foster, 1998). It is calculated by multiplying the weekly 
training load (sRPE) by training monotony.  
Upper respiratory tract infection (URTI) – can be also be known as the ‘common 
cold’ (Martin et al., 2009), which is an infection in the upper respiratory tract, 
including; the nose, sinuses, pharynx, or larynx. Symptoms can include a runny nose, 
nasal congestion, headache, and sore throat (Tsai et al., 2009). 
Unexplained underperformance syndrome (UUPS) – is persistent performance 





List of Abbreviations 
 
ACWR- Acute:Chronic Workload Ratio 
AFL- Australian Football League = Australian Rules Football 
AU- Arbitrary Unit 
β- Beta 
CMJ- Countermovement Jump 
CR-10- Category 10 Ratio Borg scale 
CV- Coefficient of Variation 
DALDA- Daily Analysis of Life Demands for Athletes 
ELISA- Enzyme-linked Immunosorbent Assay 
ES- Effect Size 
EWMA- Exponentially Weighted Moving Averages 
GAS- General Adaptation Syndrome 
GPS- Global Positioning System 
HHD- Handheld Dynamometer 
HR- Heart Rate 
ICC- Intraclass Correlation 
IgA- Immunoglobulin A 
LFD- Lateral Flow Device 
MLwin- Multilevel Modelling Software 
OFC- Oral Fluid Collector 




POMS- Profile of Mood State 
r- Spearman’s Correlation Coefficient 
R2- Coefficient of Determination 
RESTQ- Sport- Recovery-Stress Questionnaire for Athletes 
RPE- Rate of Perceived Exertion 
RR- Relative Risk 
SD- Standard Deviation 
SE- Standard Error 
sIgA- Salivary Immunoglobulin A 
sRPE- Session Rate of Perceived Exertion 
TRIMP- Training Impulse 
URTI- Upper Respiratory Tract Infection 
UUPS- Unexplained Underperformance Syndrome 
 
The abbreviations above are written in full when first mentioned and then abbreviated 
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ml.min-1- Millilitre per Minute 
mmHg- Millimetre of Mercury  
Ng- Nanogram 
ng/ml- Nanograms per Millilitre 
μg.min-1- Microgram per Minute 




















1.1  Background and Rationale 
In order to maximise athletic performance, athletes need the correct balance between 
training load/stressors and sufficient recovery (Coutts et al., 2007; Meeusen et al., 
2013). Training is based on the principle of progressive overload, where increased 
training stressors combined with appropriately planned recovery, are employed to 
produce positive training adaptations (Meeusen et al., 2013). Insufficient recovery can 
lead to non-functional overreaching, decrease in performance, increased risk of injury, 
illness and over a long period of time, may result in overtraining (Hecksteden et al., 
2016; Hogarth et al., 2015; Meeusen et al., 2013). To ensure sufficient recovery, 
monitoring markers should be used by coaches to help manage recovery, stress (both 
physiological and psychological), and maximise training load (Gabbett, 2016; 
Gaviglio & Cook, 2014). 
Training load is an important monitoring marker to help plan and periodise training 
(Foster et al., 2001). In addition to the use of training load, there are a large number of 
alternative monitoring markers currently used in sport. These include tests of 
neuromuscular function (e.g. countermovement jump [CMJ]) (Cormack et al., 2008; 
Twist & Highton, 2013), subjective measures (e.g. mood questionnaires, muscle 
soreness scales, rate of perceived exertion [RPE]) (Coutts et al., 2007; Govus et al., 
2018; Kellmann, 2010), physical performance tests and biomarkers (e.g. blood, 
salivary and urinary) (Coutts et al., 2007; Hogarth et al., 2015; Urhausen et al., 1998). 
Every athlete will react and adapt differently to a training stimulus (Halson, 2014), 
therefore monitoring markers can be used to evaluate an individual’s training response 
(Smith, 2003). Subsequently data should then be analysed, in order to appropriately 
adapt training load and recovery, thus ensuring individualised training for an athlete. 
This in turn may help reduce the risk of injury, illness, non-functional overreaching, 
and/or overtraining (Hecksteden et al., 2016; Hogarth et al., 2015; Meeusen et al., 
2013), which will all impact athletic performance. It is important that monitoring 
markers are non-invasive, time-efficient, easy to collect, and put minimal additional 
burden or stress on the athletes (Neary et al., 2002; Thorpe et al., 2017a).  
Athletes are continually attempting to develop higher performance levels, putting 
them under considerable physiological and psychological stress (Cevada et al., 2014). 




(Meeusen et al., 2013). Additionally, high levels of stress without adequate monitoring 
to ensure sufficient recovery may increase the risk of an injury (Barnett, 2006; Hamlin 
et al., 2019). Cortisol is a stress hormone found in saliva, serum and urine. It has been 
found to be a marker of a player’s physiological stress response from training and 
matches (Cunniffe et al., 2011; Lindsay et al., 2015a). Immunoglobulin A (IgA) is an 
anti-body and an immune marker that can be found in saliva (Lamm, 1997; Papacosta 
& Nassis, 2011). It is the first line of defence protecting the body against viral 
pathogens, which can be responsible for causing upper respiratory tract infections 
(URTI) (Fahlman & Engels, 2005; Mazanec et al., 1993). Previous research has found 
if salivary IgA (sIgA) decreases, an athlete is at a higher risk of contracting an URTI 
(Cunniffe et al., 2011; Fahlman & Engels, 2005; Neville et al., 2008; Orysiak et al., 
2017). Reducing the risk of contracting an URTI can help reduce missed training days, 
which in turn may help reduce performance decrements and optimise training 
(Gleeson, 2007; Orhant et al., 2010; Parry & Drust, 2006). 
The adductor squeeze strength test is another widely used monitoring marker in team 
sports, as a marker of recovery post-match (Buchheit et al., 2017; Roe et al., 2016b), 
and has also been found to associate with groin injuries in team sports, such as Rugby 
union (Roe et al., 2016b) and soccer (Engebretsen et al., 2010). The benefit of the 
adductor squeeze strength test is that it is time efficient, cost effective and easy to 
implement in a team setting (Delahunt et al., 2011a; Roe et al., 2016b).  
Subjective markers of recovery may also help coaches to determine a player’s capacity 
to train (Govus et al., 2018), as they measure an athlete’s perception of their response 
(e.g. muscle soreness, fatigue levels, stress levels) to training or other aspects of their 
life (Saw et al., 2015; Thorpe et al., 2017a). Previous research has found that subjective 
markers of recovery are sensitive to the fluctuations in training load (Buchheit et al., 
2013; Thorpe et al., 2015; Thorpe et al., 2016; Thorpe et al., 2017b). It has also been 
reported that subjective markers of recovery are more sensitive to the change in daily 
training load than objective markers (Saw et al., 2015). However, objective markers 
(e.g. salivary cortisol and adductor squeeze strength) may provide additional insight 
into a player’s training response, such as physiological stress, presenting a coach with 
a holistic view of the player’s training status. This will incorporate the different 
components of a player’s recovery, as each player will react differently to the same 




subjective and objective markers (salivary cortisol and adductor squeeze strength) of 
a player’s recovery status and training load, in order to help optimise individual player 
performance. 
Injuries followed by illnesses have been reported as the main reasons for players being 
unavailable for training and matches (Dvorak et al., 2011; Orhant et al., 2010; Parry 
& Drust, 2006). Training load has been found to associate with both injury and illness 
incidences, with a rise in acute load being associated with an increased risk of injury 
(Cross et al., 2016; Malone et al., 2017; Rogalski et al., 2013) and illness (Piggott et 
al., 2009; Putlur et al., 2004). A high 2- and 3-week cumulative load has previously 
been found to also be associated with an increased risk of injury in soccer (Jaspers et 
al., 2018; Malone et al., 2017) and Australian football league (AFL) players (Rogalski 
et al., 2013). Furthermore, a higher number of URTI incidences were reported in elite 
Rugby union (Cunniffe et al., 2011), tennis (Novas et al., 2003), and futsal players 
(Moreira et al., 2013a), after an increase in training intensity (Cunniffe et al., 2011) 
and training load (Moreira et al., 2013a; Novas et al., 2003). Monitoring a player over 
a longitudinal period helps to explore injury/illness trends in order to provide data to 
the coach and support staff, which may be used to inform appropriate planning and 
adjustment of training (Jones et al., 2017). Additionally, it allows for the investigation 
of any change or accumulation of training load, which may be associated with a greater 
risk of injury or illness (Jones et al., 2017). Therefore, further research is required over 
a longitudinal period to investigate the association between training load, injury, and 
illness. 
A limitation of previous studies were the acute nature of the data collection (Moreira 
et al., 2013a) and the training load calculations (Colby et al., 2017; Rogalski et al., 
2013), which did not include all sessions (indoor and outdoor). Not including all 
sessions, means that training load data would be underestimated. Furthermore, data 
were analysed in weekly blocks (Cross et al., 2016; Jaspers et al., 2018; Malone et al., 
2017), rather than rolling weekly data, where data may be analysed from the exact 
injury or illness day. This means training load data would be omitted from the analysis. 
Additionally, lag period was not analysed (Cunniffe et al., 2011; Malone et al., 2017; 
Novas et al., 2003; Rogalski et al., 2013). Lag period has been defined as the time 
between the dose (training load) and response (onset of injury or illness) (Drew & 




to adjust training load in order to help reduce the risk of injury or illness (Jones et al., 
2017), i.e. the lag period provides an opportunity for a coach to periodise training to 
prospectively avoid training loads that may place a player at a higher risk of injury or 
illness post-lag period. Therefore, further research is required that includes all training 
sessions and matches, using rolling weekly training load data, to investigate the 
association between training load, injury, and illness across different lag periods.  
There is currently an absence of research exploring the association between adductor 
squeeze strength and training load (Esmaeili et al., 2018b; Roe et al., 2016b), and there 
is no research investigating the association between adductor squeeze strength and 
subjective markers of recovery. Adductor squeeze strength has been reported as an 
objective external marker of recovery, while subjective markers provide data on a 
player’s internal perceived response to training (Jones et al., 2017). Both markers 
potentially provide information on the different components of the player’s recovery 
status. It is important to research these associations, in order to provide a coach with 
a holistic view of a player’s training response/recovery status, which will help to 
ensure a player has sufficient recovery and optimise their performance by 
appropriately planning training load (Halson, 2014; Thorpe et al., 2017a). A single 
monitoring marker may not provide sufficient data to encompass the multivariate 
recovery response (Kellmann, 2010). Therefore, further research is required to explore 
the association between adductor squeeze strength, subjective markers of recovery and 
training load. 
A limitation of previous studies utilising salivary biomarkers (e.g. cortisol and IgA), 
was the infrequency of sampling and the lack of standardisation of the sample 
collection, which may have increased measurement error of saliva samples (Mortatti 
et al., 2012; Papacosta & Nassis, 2011; Pritchard et al., 2017). Most studies collected 
salivary cortisol samples over a short period of time (Gaviglio & Cook, 2014; Lindsay 
et al., 2015a; McLellan et al., 2011b), or had sporadic saliva sample collection 
(Agostinho et al., 2017; Cunniffe et al., 2011; Nunes et al., 2014). Cunniffe et al. 
(2011) collected 7 salivary cortisol samples and sIgA data once a month, over 11 
months in Rugby union players, while Agostinho et al. (2017) collected 6 salivary 
cortisol samples over 43 weeks, in judo athletes. Nunes et al. (2014) collected saliva 
cortisol samples pre and post a 12-week training period in female basketball players. 




12-month period (Fahlman & Engels, 2005) and 6-month period (Orysiak et al., 2017). 
More frequent testing of salivary biomarkers may provide more data to help evaluate 
weekly variations, and explore any relationship between salivary biomarkers, training 
load, and subjective markers of recovery. Additionally, frequent sampling may allow 
the relationship between salivary biomarkers, training load and URTI to be 
investigated in more detail, due to larger number of data points (Lippi et al., 2009; 
Papacosta & Nassis, 2011), and show possible trends or patterns (Cormack et al., 
2008). 
To enhance athletic performance and player availability, it is important for early 
identification and management of recovery to help prevent detrimental physiological 
adaptations, which are often associated with injury and illness (Drew et al., 2016; 
Edwards et al., 2018; Windt & Gabbett, 2016). Different physiological demands are 
required for different team sports and playing positions, which is why monitoring of a 
player’s recovery status is important (Thorpe et al., 2015), to provide individualised 
data on a player’s training response (Hecksteden et al., 2016; Meeusen et al., 2013). 
Additionally, the collection of both subjective and objective markers of recovery are 
required to provide an evidence based, holistic view, of the player’s recovery status.  
Another important aspect of this programme of research is the ecological validity. 
There are no conclusive definitions but ecological validity can refer to the relation 
between real-world phenomena and the investigation of these phenomena in 
experimental contexts (Schmuckler, 2001), i.e. conducting tests in practical settings 
with scientific rigour. Schmuckler (2001) proposed three themes that are critical issues 
when designing and interpreting ecologically valid experiments (Lewkowicz, 2001). 
The three themes were; the nature of the experimental setting (i.e. it should be as 
similar as possible to the subject’s everyday environment), the types of stimuli used 
(i.e. reflect the subject’s natural settings), and the type of response (i.e. it should ensure 
the subject’s response is as normal as possible) (Lewkowicz, 2001; Schmuckler, 
2001). Therefore, to ensure a high degree of ecological validity, the studies within this 
programme of research will be conducted within an applied setting, to allow for the 
environment to be the same where the players train, and to help ensure the players’ 
response is normal within these settings. Additionally, the data collected will cause 
minimal disruption to the players’ normal training schedule, to help ensure the player’s 




There are a number of reasons for this programme of research to further explore and 
expand on the gaps in previous research. These include, longitudinal data collection, 
ensuring a stringent method of data collection for saliva, more frequent saliva 
collection, investigating lag period and rolling weekly training load data for injury and 
illness. There is a lack of research investigating the association between subjective and 
objective markers (salivary cortisol and adductor squeeze strength) of a player’s 
recovery and their immune function (sIgA) with training load. Furthermore, there is 
limited research investigating the association between training load, injury and illness, 
using rolling weekly training load data, across different lag periods. Therefore, further 
research is required in this area. 
1.2 Research Aim 
The aim of this programme of research is to evaluate the association between 
monitoring markers of recovery and training load, and to explore the relationship 
between training load, injury, and illness in elite team sports. 
1.3 Research Objectives 
The specific objectives of this programme of research are as follows: 
1. To examine if there is a relationship between training load and objective 
monitoring markers of recovery (Study 1, 2 and 4). 
2. To determine if there is a relationship between subjective markers and 
objective markers of recovery (Study 1 and 2). 
3. To explore if there is a relationship between training load and injuries 
(contact and non-contact) (Study 3). 
4. To investigate if there is a relationship between illness and:  
₋ sIgA (objective immune marker) (Study 4) 




1.4  Overview of Thesis Structure  
This programme of research consists of eight chapters. 
Chapter 2 – comprises of a literature review on both Rugby union and soccer, why it 
is important to monitor athletes and the different types of monitoring markers that can 
be used. In addition, this chapter summarises the research to date, exploring the 
association between training load, injury, and illness.  
Chapter 3 (Study 1) – this study explores the relationship between salivary cortisol 
and training load. It aims to investigate the use of salivary cortisol, a marker of 
physiological stress, in an applied team setting. Additionally, this study investigates 
the association between salivary cortisol and subjective markers of recovery in Rugby 
union players, over a 10-week pre-season period. 
Chapter 4 (Study 2) – investigates the use of the adductor squeeze strength test and 
the relationship between the adductor squeeze strength, training load and subjective 
markers of recovery, in elite academy Rugby union players over a pre-season training 
period (10 weeks). 
Chapter 5 (Study 3) – summarises a longitudinal study (40 weeks) investigating the 
association between a number of training load indices (e.g. acute, chronic, 
acute:chronic workload ratio [ACWR], exponentially weighted moving averages 
[EWMA] ACWR) and injury in elite soccer players. This study collects daily training 
load and injury status data, over an entire soccer season (40 weeks). Data is analysed 
across a number of lag periods (1 to 7 days).  
Chapter 6 (Study 4) – investigates if sIgA (an immune marker) may be a predictor of 
URTI in elite academy Rugby union players. Additionally, the relationship between 
sIgA, URTI incidences, and training load is explored. 
Chapter 7 (Study 5) – presents a longitudinal study over 40 weeks, that collects daily 
training load and illness data over an entire soccer season, from elite soccer players. 
The study investigates the association between URTI and a number of training load 





Chapter 8 – provides a discussion of the overall findings of the programme of research, 

















2.1  Introduction  
The aim of a coach and a player is to maximise the athlete’s performance, ensure 
sufficient recovery, and reduce injury risk (Bouaziz et al., 2016). Monitoring markers 
should be in place for coaches to appropriately plan recovery, highlight any stress 
(both physiological and psychological), and maximise training load for optimal 
performance (Cunniffe et al., 2011; Gabbett, 2016; Halson, 2014). This review of 
literature will provide an overview of both sports, soccer and Rugby union, the theory 
underpinning this programme of research, and why monitoring players is essential for 
optimising training load, recovery and subsequent performance. It will also evaluate 
the different training load indices and their association to injury and illness. Subjective 
and objective markers that may help with identifying the recovery status of a player 
will also be discussed.  
2.2  Soccer  
Soccer is the most popular sport in the World (Bangsbo, 1994; Krustrup, 2016; Reilly 
& Williams, 2003), with the Fédération Internationale de Football Association (FIFA) 
reporting 265 million people playing soccer in the World (FIFA, 2006). Soccer is a 
field based team sport with 11 players on each team. A match consists of two 45-
minute halves, lasting a total of 90 minutes. It is an intermittent sport with short bursts 
of high intensity running over 10-20m, which is interspersed with activities of low 
intensity and moderate intensity running (Di Salvo et al., 2007; Mohr et al., 2003). 
Despite only accounting for 1-12% of the mean total distance covered during a match, 
sprinting is a key performance indicator and one of the most important activities in 
soccer (Andrzejewski et al., 2013). Players are required to not only perform different 
types of running intensities (e.g. sprinting, moderate and low speed running, and 
jogging) but have rapid change of speed, both in terms of acceleration and 
deceleration, and direction, the ability to jump, move/run sideways and backwards, 
diagonal movements and also complete dribbling, tackling and shooting skills (Di 
Salvo et al., 2007).  
There are many physical demands during a soccer match; these vary between playing 
positions and individuals but include: aerobic endurance, power and sprint ability 




indicators, including: decision-making (McMorris et al., 2000; Stone & Oliver, 2009), 
reaction time (Lemmink & Visscher, 2005), kicking kinematics (Apriantono et al., 
2006), and sport-specific skills (e.g. passing) (Lyons et al., 2006; Stone & Oliver, 
2009). This means a player needs a combination of physical, technical, tactical, and 
mental skills (Stølen et al., 2005). It is important that monitoring markers are quick, 
easy to administer, non-invasive and do not put undue additional burden on the athlete 
(Thorpe et al., 2017a). These requirements are especially needed in soccer, where 
multiple games can be played during a week, which requires peak performance with 
limited recovery (Thorpe et al., 2017a).  
Professional soccer players are exposed to high competition loads (Thorpe et al., 
2017a), due to the increased frequency and higher intensity of competitions (Bradley 
et al., 2009). There has been an increase in the number of all muscle injuries (contact 
or non-contact) in professional soccer players over a 15-season period (1995-2010) 
(Dauty & Collon, 2011). The muscle injury incidences doubled from 1.09 per 1000 
hours of exposure in 1995-1996, to 2.3 in 2009-2010 soccer season, with all injury 
incidence rates reported as 4.7 ± 5 per 1000 hours of exposure for matches and 
training, during that season (2009-2010) (Dauty & Collon, 2011). It has also been 
previously reported that a soccer player may sustain 2.0 injuries (contact or non-
contact) on average per season (Ekstrand et al., 2011; Ekstrand et al., 2013). More 
recently, a prospective study investigating the association between internal and 
external training load indices and overuse injuries found that there were 64 overuse 
injuries reported over 2 soccer seasons (Jaspers et al., 2018). This meant a player was 
at risk of 5.8 overuse injuries per 1000 hours. Furthermore, Roos et al. (2017) 
conducted a study examining the epidemiology of injury in the National Collegiate 
Athletic Association soccer teams, during the 2009/2010–2014/ 2015 academic years. 
It was reported that injury rates for men were 8.07 per 1000 hours of exposure, training 
injury rates were 5.47 per 1000 hours of exposure, and competition injury rates were 
reported as the highest (17.53 per 1000 hours of exposure), respectively. This increase 
in injuries highlights the need for further research to try and reduce the risk of injury 






2.3 Rugby Union 
Rugby union is one of the most popular collision sports, with approximately 3.2 
million players registered and 5.3 million unregistered players, in 121 countries 
(World Rugby, 2016). Similar to soccer, Rugby union is also a field based team sport, 
with high intensity periods interspersed with low intensity periods. However, there are 
also numerous contact and collision events that occur, due to the nature of the sport 
(Cunniffe et al., 2009). These contact events can include scrummaging, tackling, and 
collisions during mauling and rucking (Roberts et al., 2008). A match is played over 
80 minutes split into two 40-minute halves. Passing, kicking, carrying of the ball, 
change of direction are all skills required in Rugby, with different demands required 
for the different playing positions (Freitag et al., 2015).  
Over recent years, elite Rugby players have become bigger, stronger and faster 
resulting in greater physical demands placed on the players during matches and 
training (Duthie et al., 2003; Fuller et al., 2013). This increase in players’ athletic 
ability has led to higher intensity matches and an increase in injuries (Gabbett, 2004; 
Eaves & Hughes, 2003). A meta-analysis reported the overall injury incidence rate for 
match injuries in professional Rugby was 81 per 1000 player hours and in training 3 
per 1000 hours (Williams et al., 2013). In amateur Rugby, it has been reported that 
there were 46.8 per 1000 hours for all match injuries (Yeomans et al., 2018). The high 
intensity nature of the activity coupled with the high number of collisions during 
matches and training has also been found to cause muscle damage, inflammation, 
psychological and physiological stress and reduced immune system function 
(Cunniffe et al., 2010), which can have a negative impact on performance (Hoffman 
et al., 2002). Therefore, further research is required to investigate the physiological 
stress and immune response, and recovery status of Rugby union players due to the 
increased demands of training and match play. 
2.4  Theory Underpinning the PhD- Training Theory 
Optimal performance occurs when fitness is maximised and fatigue is minimised 
(Wood et al., 2005), whereby, athletes achieve their peak performance when there is 
an optimal balance between training stress and adequate recovery (Meeusen et al., 




implementation of an appropriate training plan that can improve performance (Moxnes 
& Hausken, 2008). This may include the periodisation of training, which can provide 
structure to training with the aim of achieving specific performance results at critical 
times, such as a cup final. Periodisation has been described as the macromanagement 
of training over time, meaning time is strategically allocated to fitness components of 
the sport to align with a competition (i.e. a performance goal) (Cunanan et al., 2018). 
Periodisation can be split into 3 categories, macrocycle (years or months), mesocycle 
(weeks), and microcycle (days) (Issurin, 2008), each providing a coach with definable 
and manageable training goals to help reach the final outcome goal, namely, peak 
performance (Cunanan et al., 2018). Periodisation means coaches can construct a plan 
to direct adaptation in accordance with the competitive schedule (Cunanan et al., 
2018). 
The general adaptation syndrome (GAS) model was first proposed by Hans Selye 
(Selye, 1956), and originally used in the field of psychology. This model has been 
adapted to describe the physiological stress response of an organism (athlete) to a 
stressor/s (Chiu & Barnes, 2003), and the relationship between stress and adaptation 
(Cunanan et al., 2018). There are 3 stages within this model (Figure 1): 
1) Alarm stage (negative) – the physiological state of the body decreases following 
the imposition of stress (Chiu & Barnes, 2003). This is the stimulus from exercise and 
has a short term, negative effect on performance. 
2) Resistance stage (positive adaptations occur) – the body returns to homeostasis and 
possibly a higher state, known as ‘supercompensation’, after a period of training (Chiu 
& Barnes, 2003). Performance may improve, providing the athlete is fully recovered 
(Meeusen et al., 2013). 
3) Exhaustion stage (overtraining may occur) – where the imposed stress is greater 
than the adaptive reserves the body can handle. It can be due to a stress being too large 
or additional stressors occurring (Chiu & Barnes, 2003). Additionally, this can occur 
if an athlete has insufficient recovery, which can lead to non-functional overreaching 









Figure 1. Selye's General Adaptation Syndrome (GAS) (Cunanan et al., 2018, page 790). 
 
 
This GAS model starts with an application of a stressor (e.g. training), which elicits 
an initial decrease in a player’s ability to adapt (alarm stage). This is followed by an 
increase in the organism’s (player’s) level of adaptation (resistance stage), only if 
sufficient recovery is achieved. If the stressor is prolonged or a dose is too high in 
magnitude, this may result in exhaustion (Figure 1) (Cunanan et al., 2018). In relation 
to sport, the training load can be the dose and the response can be adaptation, non-
functional overreaching or overtraining, which can result from improper training load 
management or insufficient recovery (Cunanan et al., 2018). The model highlights that 
a coach should progressively and systematically increase the training stressor (i.e. 
training volume, intensity, frequency) to elicit positive training adaptations (Cunanan 
et al., 2018). 
Overtraining is a complex topic due to the multivariate signs and symptoms that may 
be associated with it (Stone et al., 1991). Overtraining has been defined as an 
accumulation of training and/or non-training stress that results in long-term 
decrements in performance, known as the overtraining syndrome (Meeusen et al., 
2013). In addition to a decrease in performance, signs and symptoms can also include 
depressed mood, decreased self-esteem, emotional instability, irritability, disturbed 
sleep, weight loss, loss of appetite, increased resting heart rate (HR), increased 




from overtraining can take several weeks to months or even years (Meeusen et al., 
2013). 
Three stages of overtraining have been proposed, these include: functional 
overreaching, non-functional overreaching and overtraining (Meeusen et al., 2013). 
Functional overreaching is utilised by coaches during a typical training cycle to 
enhance performance (Meeusen et al., 2013). During this period, an athlete will train 
hard but have adequate recovery to stimulate physiological adaptations to enable an 
athlete to optimise their performance (Budgett, 1994). The accumulated training still 
results in a decline in performance, however, these decrements are short-term as long 
as adequate, and appropriate, recovery is provided. This pattern of load and recovery 
may result in a ‘supercompensation’ effect where enhanced performance is exhibited, 
similar to Selye’s GAS model (Meeusen et al., 2013; Nimmo & Ekblom, 2007). The 
supercompensation effect can be seen in Figure 2; after the alarm stage (i.e. training), 
the athlete will progress through the recovery period with sufficient recovery, to the 
resistance stage (adaptation/ supercompensation stage). The recovery for functional 
overreaching is days to weeks (Halson & Jeukendrup, 2004; Meeusen et al., 2013). 
However, if recovery is insufficient during the functional overreaching period, an 
athlete may reach non-functional overreaching, which can lead to a stagnation in 
performance (Meeusen et al., 2013). Non-functional overreaching is the decline from 
the resistance stage moving towards the exhaustion stage (Figure 2). However, 
compared to overtraining, the recovery from non-functional overreaching can take 
weeks to months, rather than months to years (Meeusen et al., 2013).  
It should be noted however, that no single test exists to diagnose overtraining, 
therefore the exact measures for overtraining prevention are unknown (Meeusen et al., 
2013). Furthermore, there is no validated test to define if an athlete is in a state of 
functional overreaching, non-functional overreaching or the overtraining syndrome 
(Meeusen et al., 2013). Given these complexities of diagnosis, another terminology 
was proposed, which identified to describe the condition as the ‘unexplained 
underperformance syndrome’ (UUPS) (Budgett et al., 2000).  
UUPS has been defined as ‘persistent performance deficit despite 2 weeks relative 
rest’ (Budgett, 2000). The main symptoms of UUPS include; frequent infections, 




overtraining syndrome include; unexplained or unusually heavy, stiff, and/or sore 
muscles, changes in sleep quality, loss of energy, competitive drive, and appetite 
(Budgett, 2000). An athlete with UUPS will have a number of these symptoms, 
however the extent to which the stress of hard training, competition, or non-training 
stressors leading to these symptoms is not yet known (Budgett, 2000). Furthermore, 
the responses from stressors (training or non-training) is variable in each case and 
athlete (Budgett, 2000). This means that the responses may be under recovery for one 
athlete but insufficient training for another athlete (Budgett, 1998). 
All athletes must train hard in order to improve. Initially, the hard training causes 
underperformance but if recovery is sufficient, there is a ‘supercompensation’ effect 
(Chiu & Barnes, 2003), leading to an improvement in performance (Budgett, 2000; 
Morton, 1997). These responses (e.g. under performance) are physiological, and if the 
athlete is given a 2-week recovery/taper period and comes back refreshed, their 
underperformance would more than likely have been overreaching (Budgett, 2000). 
However, if fatigue or underperformance becomes so severe that recovery does not 
improve symptoms, despite 2 weeks of relative rest, a diagnosis of the UUPS may be 
made (Budgett, 2000). It should be noted that in practice it is very difficult to 
distinguish between overreaching and UUPS (Budgett, 2000). Therefore, it is best for 
the coach and athlete to decide their own performance decrements or prolonged 
underperformance definitions, by appropriately comparing performance with the same 
stages of previous seasons (Budgett, 2000). However, determining performance 
decrements may be difficult in team sports, as performance is extremely difficult to 
define (Taylor et al., 2012). Therefore, the use of monitoring markers may provide 
useful information to help coaches understand a player’s recovery status, which in turn 
may help their performance. 
UUPS integrates non-training stressors, and thus, is compatible with multidisciplinary 
models (Polman & Houlahan, 2004). The interactions of training and non-training 
stressors are complex, interlinked, cumulative, and synergistic (Polman & Houlahan, 
2004). That is why it is important to monitor individual athletes over a longitudinal 
period, to help increase early identification and signs of maladaptation (Lewis et al., 
2015). It is recommended that a well-controlled baseline for all monitoring variables 
is conducted to ensure data is comparable to their own ‘recovered’ state (Lewis et al., 




sufficient period to recover. This highlights that a multidisciplinary structured 
monitoring programme including, biochemical, psychological, physiological 
(Meeusen et al., 2013), and non-exhausting physical tests (e.g. five-bound test, 
V02max test), is required to provide knowledge of these variables for coaches, 
practitioners, medical staff and athletes to make informed decisions (Lewis et al., 
2015). Additionally, it has been stated that ‘it is of the utmost importance to know 
your athlete’ and with regular monitoring this may help increase the communication 
between the athlete and coach (Lewis et al., 2015). 
The GAS model presumes that biological adaptation from future training is largely 
predictable and follows a determinable pattern (Kiely, 2012). The model states the 
progression through the same sequential stages, firstly the alarm stage, then the 
resistance stage. However, if the stress was overwhelming (i.e. the dose was too high, 
prolonged or a sudden increase), or the player had insufficient recovery it may result 
in exhaustion (Kiely, 2018). This implies that appropriate interventions can be 
adequately planned in advance (Kiely, 2012), which may lead a coach or practitioner 
to assume the predictability of adaptation and ability to predict appropriate training, 
i.e. periodisation (Kiely, 2012). However, this is not the case with training and/or 
competition responses, as coaches need to be flexible, have the ability to critically 
think, and be adaptable to change (Kiely, 2018), due to factors such as, injury, illness 
or other life events. Furthermore, players may respond differently to the same training 
stimulus, i.e. there is the inter-individual responses of athletes (Kiely, 2012). 
Additionally, the model does not take into account that each individual has distinct 
thresholds, set points, strengths, and vulnerabilities (Kiely, 2018). This, therefore, is a 
reason for using monitoring markers of recovery, to provide coaches with individual 
data on a player’s training/recovery response.  
The GAS model represents the physiological stress response but does not take into 
account the psychological factors, which may be the initial cause of the ‘alarm stage’ 
(Kiely, 2018). Athletes experience training stress, but can also experience 
environmental and lifestyle stressors, such as, emotional, dietary, social, sleep, and 
academic stress (Kiely, 2012). These complex interactions between biopsychosocial 
factors (Kiely, 2012) indicate a holistic integrated multidisciplinary approach to 
monitoring athletes both physiologically (objective) and psychologically (subjective) 




and customised to best fit the situational-specific constraints of any coaching context 
(Kiely, 2018). 
The GAS model should be viewed and interpreted as a generalised model that provides 
helpful guidelines on the biological response to imposed physiological stress, and the 
use of monitoring markers may help with the specific changes in training (Kiely, 
2018). This means coaches can make dynamical changes to training by critically 
thinking and having an adaptive response to a player’s needs (Kiely, 2018), based on 
emerging information from the monitoring markers (Kiely, 2012). The markers may 
provide the coach/practitioner with a responsive monitoring system designed to enable 
the early detection of emerging threats and opportunities, e.g. injury, illness, or 
psychological factors (Kiely, 2012). Coaches/practitioners should collect data from 
the athletes (subjective and objective), appropriately analyse and process the data, then 
finally make informed decisions on the individual athlete’s training. It is important to 
note that a plan may be in place (i.e. periodisaton), however with the use of monitoring 
markers coaches may be adaptable and tolerant to change (Kiely, 2018).  
Due to the multiple symptoms that can occur during non-functional overreaching and 
the overtraining syndrome, UUPS, including injury, illness, fatigue, and hormonal 
changes, a number of different monitoring markers are required. Therefore, a 
combination of subjective and objective markers of recovery and training load may 
provide different elements of a player’s recovery status, for example, physiological 
stress, such as salivary cortisol (an objective marker) or perceived fatigue (a subjective 
marker). This information is vital for a coach to ensure sufficient recovery and reduce 
the risk of a player reaching non-functional overreaching or overtraining/UUPS. 
Therefore, this programme of research aimed to focus on the ‘recovery phase’ between 
stage 1 (alarm) and stage 2 (resistance) (Figure 1 and 2), where the monitoring markers 












Figure 2. Example of Selye GAS model in relation to performance for functional 
overreaching, non-functional overreaching and overtraining (Adapted and modified 
version Le Meur, 2016, from Meeusen et al., 2013).  
 
 





2.5 Athlete Monitoring 
The use of monitoring markers of recovery are needed to provide an early indication 
of a player’s recovery status, and to allow for subsequent management of recovery and 
training load. This can enhance athletic performance and player availability, and 
prevent detrimental physiological adaptations often associated with injury (Drew et 
al., 2016; Windt & Gabbett, 2016). Monitoring gives coaches and practitioners 
guidance to design recovery techniques to maximise training and subsequent 
performance (Kellmann, 2010), as individual athletes respond differently to training 
stimuli and training loads (Halson, 2014). 
The most effective method of assessing the recovery status of an athlete would be to 
do a maximal performance test (i.e. a time trial), which replicates the athlete’s 
event/competition in an ecological valid environment (Halson, 2014). However, there 
are a number of reasons why this is not practical. Firstly, maximal tests adds to existing 
fatigue, and additional load will be placed on the athlete, which may affect the 
recovery period (Halson, 2014). Athletes may also lack motivation due to being 
fatigued or the fact it is not a competition, and so maximal effort may not be given 
(Halson, 2014). Additionally, especially in team sports, it is extremely difficult to 
replicate maximal performance or even define it (Taylor et al., 2012). No single 
monitoring marker can give a complete picture of an athlete’s training/competition 
response, which is why several monitoring markers are recommended to inform the 
coach of the recovery status of the athlete, to help make decisions on their training 
(Buchheit et al., 2013; Edwards et al., 2018; Thorpe et al., 2017a). 
There are a number of monitoring markers currently used in sport to help coaches and 
practitioners evaluate a player’s recovery status and appropriately plan training. These 
monitoring markers can be objective and/or subjective. Objective markers indicate the 
physiological load placed on the individual and can be internal (e.g. saliva, HR) or 
external (e.g. adductor squeeze) (Djaoui et al., 2017; Jones et al., 2017; Saw et al., 
2015). Subjective markers provide internal indications of how the player responds to 
training or other aspects of their life (Saw et al., 2015; Thorpe et al., 2017a). Examples 
of subjective markers include, mood state questionnaires, muscle soreness and 
perceived fatigue scales, and stress levels scales (Coutts & Reaburn, 2008; Kellmann, 




physiological and psychological stress imposed inside of the body (e.g. subjective- 
muscle soreness or objective- salivary biomarkers), while external markers are 
measured outside the body, to collect data on the physiological stress placed on the 
athlete. Each provide a coach with important information on a player’s recovery status. 
Other examples of objective external markers include, neuromuscular function (e.g. 
CMJ) (Kennedy & Drake, 2017; Twist & Highton, 2013) and physical performance 
tests (e.g. yo-yo intermittent test) (Halson, 2014), or internal objective markers such 
as blood biomarkers (Urhausen et al., 1995). Markers must be valid, reliable, and 
practical (Hogarth et al., 2015). They should be quick, easy to administer, non-invasive 
and limit any additional loading on the athlete (Thorpe et al., 2017a). A combination 
of both subjective (internal) and objective (internal and external) monitoring markers 
of recovery are needed to provide a global picture of how the athlete is responding to 
training and competition demands, and non-training stressors (Edwards et al., 2018). 
This will help ensure the coach and support staff can appropriately plan training to 
help reduce the risk of injury and illness.  
2.6 Training Load 
Appropriate monitoring and regulating training load is critical to ensure a player is 
progressively overloaded within a suitably planned training programme, that provides 
them with adequate recovery (Gabbett, 2010). The benefits of training load monitoring 
can provide scientific evidence for coaches, athletes and practitioners, to understand a 
player’s training schedule to help appropriately plan training and ensure sufficient 
recovery, which in turn may optimise the player’s performance and reduce the risk of 
injury and illness (Halson, 2014). Data may also be useful for team selection and 
identifying if an athlete is ready for the demands of competition (Halson, 2014).  
Training load data can be collected either through external and/or internal measures. 
External load refers to a player’s locomotor movements, i.e. the quantification of work 
external to the athlete (Drew & Finch, 2016; Jaspers et al., 2018). This can be 
measured through global positioning system (GPS) units and accelerometers (Jaspers 
et al., 2018). Internal load refers to the physiological response of the player to the 
external load and can be measured through HR or RPE (Gabbett, 2016). Internal load 
has been described as a perception of effort to quantify the physical load experienced 




work completed, capabilities, and capacities of the athlete, while the internal load is 
relative to the physiological and psychological stress imposed on the athletes (Halson, 
2014). Both can help to determine the training load and subsequent adaptations 
(Halson, 2014). 
GPS technology can measure metrics such as jogging, walking, sprinting, total 
distance or high intensity running covered during training or a match. However, it is 
more difficult to quantify load from jumping, tackling, and change of direction 
(Aughey, 2011). GPS equipment is expensive and may not be feasible for teams on 
low budgets or support staff that do not have the facilities to analyse the data (e.g. staff 
availability, equipment). These concerns, financial, logistical and specific metrics are 
similar for HR monitoring. An alternative to the use of GPS or HR data is session rate 
of perceived exertion (sRPE). 
2.6.1 Session Rate of Perceived Exertion (sRPE) 
sRPE was proposed by Foster et al. (1995) and uses the Borg’s modified RPE Category 
Ratio 10 (CR-10) scale (Table 1) (Borg et al., 1985). RPE measures a player’s 
perceived effort of physiological stress from training or competition (Halson, 2014), 
and has been found to be a valid and reliable monitoring marker for internal load and 
exercise intensity, compared to HR (Lovell et al., 2013) and blood lactate 
concentrations  (Foster et al., 2001). 




1 Very, Very Easy 
2 Easy 
3 Moderate 
4 Somewhat Hard 
5 Hard 
6  







sRPE measures different training constructs than external training load (Edwards et 
al., 2018). It is calculated by multiplying the session duration (in minutes) by RPE 
(perceived intensity of the session) (Foster et al., 2001). sRPE is the most commonly 
used form of assessing internal load in teams sports (Akenhead & Nassis, 2016; 
Eckard et al., 2018; Halson, 2014), most likely due to its relative ease of 
implementation (Jones et al., 2017).  
sRPE is a non-invasive, simple and easy method used to calculate and quantify an 
individual’s training load, making it a time-efficient practical tool for coaches 
(Edwards et al., 2018). Alexiou and Coutts (2008) supported the use of sRPE to 
quantify internal training load, finding strong correlations (r= 0.83 - 0.85, p <0.01) 
between sRPE and three HR based calculations in female soccer players, over a 16-
week period. Impellizzeri et al. (2004) collected data from youth soccer players (age 
17.6 ± 0.7 years), over the first 7 weeks of a competitive season. The results found 
sRPE to be a reliable (r= 0.50 to 0.85, p <0.01) indicator of internal load in soccer 
players compared to HR based internal load metrics. The HR metrics collected during 
this study (Impellizzeri et al., 2004) were, Edward’s training impulse (TRIMP) 
(Edwards, 1993), Banister TRIMP (Banister, 1991), and Lucia’s TRIMP (Lucia et al., 
2003). Additionally, sRPE has been found to significantly correlate with GPS metrics 
including, total distance covered (r= 0.74, p <0.01) and player load (r= 0.76, p <0.01) 
in soccer training sessions (Casamichana et al., 2013). Data were collected from 44 
training sessions, over a 12-week period (Casamichana et al., 2013). sRPE was also 
found to correlate with Edward’s HR metric (r= 0.57, p= 0.01) during soccer training 
(Casamichana et al., 2013). 
sRPE has also been found to be a reliable and valid measure of a player’s exercise 
intensity and load in Rugby (Lovell et al., 2013). Lovell et al. (2013) collected data 
over an entire Rugby season (43 weeks), comparing sRPE, GPS metrics and Banister 
TRIMP (HR metric) (Banister, 1991). The results found sRPE to associate with 
TRIMP (r = 0.45–0.75) during Rugby training sessions. The authors stated that sRPE 
could be used as a global measure of exercise intensity in Rugby. This means coaches 
are able to monitor and adapt training load, without having to use expensive 




The benefit of using sRPE is that a coach can calculate load for each training session, 
whether indoors (e.g. gym, bike) or outdoors (McCall et al., 2018), whereas GPS 
equipment solely collects outdoor session data. Thus, a player’s total training load 
cannot be calculated, due to omitted training sessions (Colby et al., 2017; Hulin et al., 
2014). Further research is required that ensures all training sessions and matches are 
included in the analysis (Colby et al., 2017; Hulin et al., 2014), and thus, no training 
data would be omitted. This would provide an accurate calculation of a player’s total 
training load.  
2.6.2 sRPE Training Load Indices  
There are a number of training load indices that can be calculated from sRPE (Table 
2). Each training load variable provides a different quantification of training load, e.g. 
acute, cumulative. These indices range from acute (7-day sum of weekly training 
load), chronic (average of the previous 28 days training load), acute:chronic workload 
ratio (ACWR), exponentially weighted moving averages (EWMA) ACWR, 
cumulative load, training monotony, and training strain. ACWR represents whether 
the acute load is greater, equal, or lower than the chronic load (Hulin et al., 2016). It 
can be quantified in two ways, either coupled, where the same week is included in the 
chronic load, or uncoupled, where the same training week is not included in the 
chronic load (Figure 3) (Lolli et al., 2017). The problem with the coupled approach is 
it induces a spurious correlation (Lolli et al., 2017) by suppressing the acute load 
(Windt & Gabbett, 2018). This means the acute training load is in the equation twice 
and so the data will cancel each other out (Lolli et al., 2017). Therefore, an uncoupled 
approach should be used to ensure the most accurate calculation of ACWR (Lolli et 
al., 2017). Research further proposed EWMA ACWR, which puts a greater emphasis 
on the most recent training load by giving it more weighting, and a decreased 
weighting to the older training load (Murray et al., 2017; Williams et al., 2017b). This 
is compared to ACWR, which calculates all training loads as equal (Murray et al., 
2017).  
Training monotony has been defined as the variability of practices and is calculated 
by dividing mean daily sRPE by the standard deviation (SD) of the mean daily load 
(Anderson et al., 2003; Foster, 1998). A low training monotony represents a high 




overall stress demand on the athlete for a given period of time (Anderson et al., 2003; 
Foster, 1998). It is calculated by multiplying the weekly training load (sRPE) by the 
training monotony value (Table 2). Additionally, there are cumulative loads, which 
are the sum of a player’s sRPE over a specific period of time, e.g. 2 weeks or 4 weeks 
(Rogalski et al., 2013; Williams et al., 2017a). 
 








RPE x session duration (minutes) = sRPE (Foster et al., 
2001). All training sessions or matches completed in one 
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Acute workload (sum 7 days) / chronic workload 
(average of the previous 28 days, uncoupled). Uncoupled 
means the current week the player is training, is not 
included in the chronic load calculation, e.g. if the current 
training week is 5, chronic load would be the average of 







EWMA today = Load today x fx + ((1 - fx) x EWMA 
yesterday) (Williams et al., 2017a). 
 
Note- fx = 2/ (N + 1), N is the decaying constant, 7 days 
(acute) and 28 days (chronic). fx (previous day’s training 
load) + (1 – f) x (cumulative load up to that point), where 
f is a decay factor with value between 0 and 1 (Williams 




acute load change 
Absolute difference between the current week and 
previous weeks acute training load (7 days). Thus 
meaning, the current week minus the previous week 





Average acute training load (7 days) / SD acute training 





Total weekly training load (7 days) x training monotony 
(Foster, 1998; Foster et al., 2001; Piggott et al., 2009). 
 
100 AU 
2 , 3 and 4-week 
cumulative load 
Sum of daily training load for the previous 14, 21 and 28 







Figure 3. ACWR coupled and uncoupled calculations (Windt & Gabbett, 2018, page 1). 
 
 
2.6.3 Training Load, Injury and Illness 
Coaches must monitor the training patterns of their athletes to allow for the correct 
training loads to be implemented, to help ensure sufficient recovery and to elicit 
positive training adaptations (Piggott et al., 2009). Injuries and illnesses can occur 
when the physical demands outweigh the body’s ability to fully recover from training 
sessions or competitions (Anderson et al., 2003). The impact of injuries and illnesses 
not only affects the individual’s performance, but may also impact the team’s 
performance (Jones et al., 2017), as the match-strategy or the tactical pattern may be 
forced to change (Ekstrand et al., 2004). Coaches strive to avoid injuries in order to 
have the strongest team possible (Anderson et al., 2003), as low season injury rates 
have been found to increase a team’s performance; i.e. they finished higher in their 
league (Hägglund et al., 2013). Thus, the reduction of injuries and illnesses is 
paramount. For clarity in this programme of research, if the word ‘injury’ is mentioned 
this relates to all injury types contact or non-contact, but if a specific injury type was 
stated in the research, this will be clearly noted (e.g. contact or non-contact). 
Additionally, if ‘ACWR’ is mentioned without coupled or uncoupled following, it 
means the authors did not provide the calculation method for ACWR and so only 
‘ACWR’ can be stated. Furthermore, if no lag period or percentage increase/decrease 
is reported in the current programme of research, this means that information relating 
to training load, injury and illness was not provided by the authors. 
In terms of injury definitions, there is a lack of consistency across studies (Griffin et 




medical (anytime an athlete accesses medical attention) and time loss (where a player 
misses a match or training) (Drew & Finch, 2016). These inconsistencies between 
injury definitions make comparisons between studies problematic. According to Fuller 
et al. (2006) soccer injury consensus statement, a time loss injury was defined as an 
injury where a player was unable to fully participate in training or a match. A contact 
injury was classified as an injury that occurred as a result of physical contact with 
another player, object, and/or equipment (Fuller et al., 2006; Gabbett & Jenkins, 2011; 
Gilchrist et al., 2008). A non-contact injury was classified as an injury that was 
sustained without any extrinsic contact with another player or object on the field 
(Gilchrist et al., 2008). An overuse injury has been defined as an injury that is caused 
by repeated micro-trauma, without a single identifiable event responsible for that 
injury (Fuller et al., 2006). Due to the number of definitions between studies, the 
following table provides information on the different type of definitions used within 





Table 3. Summary of injury definitions and classification information from previous 
research in this section. 
Injury definition Injury type Reference 
Time loss relating to 
Fuller’s definition (missed 
training or match) 
All injuries Rogalski et al. (2013). 
Non-contact 
Carey et al. (2017), 
Delecroix et al. (2018), 
Hulin et al. (2014), McCall 
et al. (2018), Murray et al. 
(2017). 
Overuse Jaspers et al. (2018). 
Contact and non-contact Bowen et al. (2019). 
Time loss (24-hour) All injuries 
Cross et al. (2016), Malone 
et al. (2017), Williams et al. 
(2017a).  
 
Time loss (missed or 
modified training) 
 




tenderness, swelling and 
restricted range of 
motion) 
Veugelers et al. (2016). 
Injury resulting in missed 
matches 
 
Note: no training 
mentioned. 
Non-contact lower body 
injury Colby et al. (2017). 
Non-contact Stares et al. (2018). 
Non-contact soft tissue 
(muscle, tendon, and 
ligament) injury 
Esmaeili et al. (2018a). 
 
Restricted full participation 
in the general training 
programme 
 
All injuries Piggott et al. (2009). 
 
Absence from future 
football participation 
 
Contact and non-contact Bowen et al. (2017). 
 
Any pain or disability 




field, and strength and 
power injuries 
Gabbett and Jenkins. (2011). 
 
Regardless of whether time-




Sampson et al. (2018). 
 
2.6.3.1 Training Load and Injury 
A systematic review on the associations between training load, fatigue markers, injury, 
and illness by Jones et al. (2017) found that periods of intensified training, changes in 
acute load and cumulative load all increased the risk of injury. Previous research, that 
collected internal load using sRPE, over a season (~ 41 weeks) found that an increase 




(Odds Ratio [OR]= 2.58) of an injury in AFL players (Rogalski et al., 2013). It has 
also been found that an increase in week-to-week acute load change (1069 AU) was 
associated with a 70% increase risk (OR= 1.58) of an injury in the subsequent week, 
in professional Rugby union players over one season (~ 47 weeks) (Cross et al., 2016). 
Malone et al. (2017) found that soccer players were at a higher risk (OR = 1.95) of an 
injury if they had a high 1-week training load of ≥ 1500 to ≤ 2120 AU during the pre-
season period (8 weeks). However, the timeframe of when the player sustained an 
injury following the increase in acute training load was not established, i.e. the lag 
period. This period may provide an opportunity for the coach to plan training to 
prospectively avoid training loads that may place a player at a higher risk of injury 
post-lag. Piggott et al. (2009) study over a 15-week pre-season period, with 
professional AFL players, found 40% of the injuries occurred following a 10% 
increase in weekly training load. Gabbett et al. (2016) also reported, in a review paper, 
that a 10% increase in training load increased the risk of a non-contact injury. All these 
studies suggest that a high or sudden increase in acute load increases the risk of an 
injury. 
Cumulative load has also been found to associate with an increased risk of injury. A 
high 2-week (≥ 5980 AU) and 3-week (≥ 9154 AU) cumulative load during pre-season 
(8 weeks) increased the injury risk in soccer players (Malone et al., 2017). A high 
(>9254 AU) 3-week cumulated acceleration load (from GPS data) was found to be the 
strongest indicator of all injuries combined (Relative Risk; RR=3.84) and non-contact 
(RR=5.11) injury risk in youth football players (age: 17.3 ± 0.9 years), over 2 soccer 
seasons (Bowen et al., 2017). However, no association was found between 2, 3 or 4-
week cumulative load, calculated from total GPS load, and injury risk (contact or non-
contact). However, Delecroix et al. (2018) found a high 3-week cumulative load (> 
8319 AU, RR=1.46) and 4-week cumulative load (10629 AU, RR= 1.59), calculated 
from sRPE, increased the risk of a non-contact injury in elite soccer players (5 teams, 
n=130), over one full competitive season. Williams et al. (2017a) found 4-week 
cumulative load was highly associated with an increased injury risk in Rugby union 
players, over one Rugby season. In contrast, Malone et al. (2017) found that high 2- 
and 3-week cumulative loads, during in-season (~ 35 weeks, September to May), 
reduced the risk of injury compared to the reference groups of < 3250 AU (OR = 0.74) 




against injuries (Gabbett, 2016; Stares et al., 2018; Veugelers et al., 2016). Both Stares 
et al. (2018) and Bowen et al. (2017) found that low loads increased the risk of a non-
contact injury in the subsequent week, and Veugelers et al. (2016) found that high 
training loads had a protective effect against non-contact injuries in AFL players, over 
a 15-week pre-season period. However, Jaspers et al. (2018) found a high 2-week load 
(> 3,716 AU) associated with a higher overuse injury risk (OR= 1.58) in soccer 
players, over 2 soccer seasons. Solely evaluating overuse injuries, and not contact or 
non-contact injuries, may omit invaluable information regarding a player’s injury risk, 
as overuse injuries may underestimate the overall injury incidences rate. Overuse 
injuries have been reported as an injury mechanism rather than an overall 
classification, contact or non-contact, which includes a number of injury mechanisms 
(Fuller et al., 2006). Additionally, it should be noted, the following studies did not 
analyse lag period (Bowen et al., 2017; Delecroix et al., 2018; Malone et al., 2017; 
Williams et al., 2017a) or use rolling weekly training load data (Bowen et al., 2017; 
Malone et al., 2017; Williams et al., 2017a). This meant training load data may have 
been omitted, thus, not providing a player’s total training load, which is important to 
help ensure training is appropriately planned and adjusted according to the player’s 
needs (Halson, 2014). These studies indicate that high cumulative loads increase the 
risk of injury. However, further research is needed to explore a player’s total training 
load using sRPE, with rolling weekly training load data, across a number of different 
lag periods. 
A high ACWR has been found to also associate with an increased risk of injury in the 
subsequent week in cricket (Hulin et al., 2014), AFL (Colby et al., 2017; Esmaeili et 
al., 2018a; Murray et al., 2017; Stares et al., 2018), and soccer (Bowen et al., 2017; 
Bowen et al., 2019; Jaspers et al., 2018; McCall et al., 2018). It should be highlighted 
that the ACWR ranges or thresholds reported in previous research, are sport and team 
specific (Griffin et al., 2019; Stares et al., 2018), which is one reason why there are 
differences and no outlying patterns for ACWR ranges or thresholds. McCall et al. 
(2018) found that ACWR >1.38 (calculated from sRPE, in weekly blocks) increased 
the risk of a non-contact injury in the subsequent week (RR= 2.13) in elite soccer 
players, over 1 competitive season. Bowen et al. (2019) found where ACWR was >2.0 
(calculated from GPS data, in weekly blocks), there was an increased risk of non-




there was an increased risk of contact injuries in elite soccer players, over 2 soccer 
seasons. In AFL players, previous research has found that an ACWR (coupled) of 
>2.0, increased the risk of an injury, over 2 AFL seasons (80 weeks) with no lag period 
analysed (Murray et al., 2017). Other research found that ACWR (coupled) >1.20-
1.40 increased the risk of an injury in AFL players in the subsequent week, over 4 
AFL seasons using weekly blocks (Colby et al., 2017). Each of these studies show a 
different injury risk threshold ranging from >1.38 (McCall et al., 2018) to >2.0 
(Bowen et al., 2019; Murray et al., 2017) for non-contact injuries and 1.1-1.5 for 
contact injuries (Bowen et al., 2019). This further highlights that ACWR is sport and 
team specific (Griffin et al., 2019; Stares et al., 2018). 
The above studies highlight a threshold of ACWR for injury risk, while other studies 
have found a range, which may relate to the ‘protective effect’ of training  (Gabbett, 
2016; Stares et al., 2018; Veugelers et al., 2016). The ‘protective effect’ indicates 
training loads too low or too high may increase the risk of an injury (Gabbett, 2016; 
Stares et al., 2018; Veugelers et al., 2016). However, it should be highlighted that there 
is no biological theory that supports this hypothesis, as injury only occurs when the 
load exceeds the load capacity of the tissue (Cook & Docking, 2015). Jaspers et al. 
(2018) collected training load data in weekly blocks using both sRPE and GPS, with 
professional male soccer players, over 2 soccer seasons, finding that ACWR (0.85-
1.12) was associated with a lower injury risk in the subsequent week. Malone et al. 
(2017) found a soccer player was at a lower injury risk between 0.85 and 1.25 ACWR, 
over a soccer season (~ 43 weeks). Interestingly, Delecroix et al. (2018) found a soccer 
player was at a higher risk (RR= 1.31) of a non-contact injury where ACWR was <0.85 
compared to an ACWR >0.85, over one full competitive soccer season, which supports 
both Jaspers et al. (2018) and Malone et al. (2017) studies, stating a player was at an 
increased risk of an injury if ACWR <0.85. Stares et al. (2018) found slightly different 
results with AFL players over 4 seasons, with data calculated using weekly blocks. 
The study found that an AFL player was at a higher risk of a non-contact injury if 
ACWR was low (<0.6) or high (>1.5) (Stares et al., 2018). However, Stares et al. 
(2018) stated that ACWR values represented scenarios, not a range, where a player 
was at a higher injury risk (Stares et al., 2018). This is an important statement as 
previous research has mentioned the ‘sweet spot’ for ACWR (coupled) (0.8–1.3) 




in training and coaching methods, as each team may have different preparation and 
recovery strategies (Orhant et al., 2010). This means while previous research has found 
ranges or thresholds each team should conduct their own analysis to identify the team’s 
or an individual’s specific ACWR range (Griffin et al., 2019).  
As mentioned previously these findings highlight the between and within sport 
differences. However, there are a number of other reasons for the underlying 
differences in ACWR ranges/thresholds. These may be due to the method of training 
load data collection (e.g. sRPE or GPS), the calculation of ACWR (coupled, 
uncoupled or not specified) and the different injury definitions (Bowen et al., 2019; 
Jaspers et al., 2018; Malone et al., 2017; McCall et al., 2018; Stares et al., 2018). For 
example, Colby et al. (2017) and Stares et al. (2018) studies, reported non-contact 
injuries, as injuries resulting in missed matches but no mention of training injuries or 
contact injuries. Bowen et al. (2019) defined an injury (contact or non-contact) as 
absence from future football participation, and Piggott et al. (2009) classified an injury 
as a restriction of full participation in the general training programme. Sampson et al. 
(2018) analysed non-contact injuries regardless of whether it was time-loss or non-
time loss injuries (Table 3, provides the injury definitions for this section). Therefore, 
further research is required to investigate the association between ACWR using the 
uncoupled approach, as this is a more accurate measure of ACWR (Lolli et al., 2017), 
and injury risk (contact and non-contact). Additionally, it is worth noting that weekly 
blocks of training load data were analysed (Bowen et al., 2019; Jaspers et al., 2018; 
Malone et al., 2017; McCall et al., 2018; Stares et al., 2018), rather than rolling weekly 
data, which may omit training load data and not portray the player’s true total training 
load. Furthermore, solely collecting GPS data will also omit important training load 
data (e.g. gym sessions). Therefore, future research should ensure all training load data 
is included in the analysis by collecting sRPE and using rolling weekly training load 
data. 
It should be noted, that while previous research has found associations between injury 
risk and ACWR, there have been a number of concerns raised as to how ACWR is 
calculated. Firstly, there is a misconception that ACWR can predict injury. Previous 
research has found that ACWR did not consistently predict injury risk (Hulin et al., 
2016), and that ACWR showed an association but poor prediction ability with non-




found that ACWR should not be used due to calculation limitations (Impellizzeri et 
al., 2020; Wang et al., 2020). For example, the coupled ACWR is a measure of a 
proportion of activity rather than the actual change in training load, and the uncoupled 
approach may not be the most meaningful measure of load (Wang et al., 2020). 
Additionally, ACWR does not take into account the taper phase before a competition, 
and so ‘the ACWR may not be the most meaningful measure of changes in load’ 
(Wang et al., 2020). However, Cross et al. (2016) found that ACWR may be a useful 
load marker but the association between ACWR and injury risk in the study was 
unclear. The authors stated that further research is required to confirm its utility in this 
setting. Furthermore, markers of training load are collected as an indicator and not 
predictor, and should not be examined in isolation when determining the injury risk 
associated with prescription of training loads (Hulin et al., 2016; Stares et al., 2018). 
Previous studies have found associations between ACWR and injury risk (Bowen et 
al., 2019; Jaspers et al., 2018; Malone et al., 2017; McCall et al., 2018; Stares et al., 
2018) and a systematic review by Griffin et al. (2019) found that there is support for 
ACWR, but the EWMA may be a more suitable measure, in part due to its greater 
sensitivity. However, it was stated that the most appropriate acute and chronic time 
periods, and training load variables, may be dependent on the specific sport, the 
sporting structure and training plan (Griffin et al., 2019). For these reasons, this 
programme of research will further explore ACWR using rolling weekly blocks and 
lag period to explore the associations with injury risk. 
EWMA ACWR has been reported as a more sensitive measure for identifying the 
likelihood of an injury than ACWR, in AFL players (Murray et al., 2017). Esmaeili et 
al. (2018a) found that a high EWMA ACWR was associated with the largest injury 
risk, compared to the other training load indices (acute load, cumulative load, ACWR), 
in AFL players over 2 seasons, using rolling weekly training load data. Sampson et al. 
(2018) found a high 7:21 day EWMA ACWR associated with an increased risk of 
injury within the subsequent 3 days in American college football, over an entire season 
(17 weeks). There is a limitation in the way previous research has calculated EWMA 
ACWR, Sampson et al. (2018) and Murray et al. (2017) collected GPS data but no 
indoor training load data were collected. The GPS training load metric used in these 
studies was ‘Playerload’, which was the sum of the accelerations across all axes of the 




A restriction to only collecting/analysing sRPE from outdoor sessions or just 
collecting GPS data, means training load data is isolated to a specific component of 
training, i.e. outdoor sessions. Additionally, this means studies were underestimating 
overall training load and the training load variable calculations, e.g. ACWR, EWMA 
ACWR, cumulative load. Total training load should encompass all training sessions 
and matches (Colby et al., 2017; Hulin et al., 2014; Windt et al., 2017a). Furthermore, 
lag period was not analysed in these studies (Esmaeili et al., 2018a; Murray et al., 
2017), which would provide a coach with an opportunity to appropriately plan training 
load to reduce this risk of injury within this interim period. 
Interestingly, there is a little research analysing contact injuries with training load 
indices (Bowen et al., 2017; Gabbett & Jenkins, 2011; Griffin et al., 2019). Previous 
research has found that total training load associated with a higher risk of contact 
injuries in Rugby league, over 4 years (Gabbett & Jenkins, 2011) and soccer, over 2 
seasons (Bowen et al., 2017). Bowen et al. (2017) solely collected GPS data and 
neither study (Bowen et al., 2017; Gabbett & Jenkins, 2011) investigated the lag 
period. Lag period has been defined as the period between the training load and onset 
of injury (Drew & Finch, 2016). This is important for coaches as it may provide them 
with an early intervention opportunity to adjust training load and reduce risk of injury 
(Drew et al., 2016; Eckard et al., 2018; Jones et al., 2017). Furthermore, weekly blocks 
instead of rolling weekly training load data were calculated, which may have omitted 
training load data. Therefore, data may not have accurately represented a player’s total 
training load. No study has investigated the association between different training load 
indices with contact injuries in soccer, across different lag periods, i.e. the timeframe 
between training load and a subsequent injury.  
Recently, rolling weekly training load data has been used to ensure training load data 
is not omitted (Carey et al., 2017; Sampson et al., 2018). Rolling weekly means data 
can be analysed from the exact injury day (Table 4) rather than a specific week, where 
an injury may have occurred at the beginning or end of the training week and thus, 
omitting training load data. This is compared to previous research where weekly 
blocks (e.g. Monday-Sunday) were used (Bowen et al., 2019; Hulin et al., 2014; 
Jaspers et al., 2018; Malone et al., 2017; Murray et al., 2017; Stares et al., 2018; 
Williams et al., 2017a). The issue with weekly blocks is, if a player sustained an injury 




data were only analysed as a week Monday-Sunday. Another limitation to previous 
research is the dearth of studies investigating the association between training load 
indices to non-contact and contact injuries, across different lag periods. Further 
research is required using rolling weekly training load data, which incorporates all 
sessions and competitions to investigate the association to contact and non-contact 





Table 4. Sample of 1- to 4-day lag period with rolling weekly training load data. 
Key 
0-lag period – For clarification, 0-lag day, was not classified as a lag day, as a 24-hour lag period would not have occurred between the daily training 
load and the day of a reported URTI or injury. For example, a player may train at 9pm on the Thursday, meaning there would not be a lag period between 
the players summed daily training load and the URTI or injury the following day. Note: daily training load was summed at the end of each day. 
INJ= Injury, the day the injury occurred.  
URTI = the day the URTI occurred. 
Week Week 2 Week 3 
Day 
Mon Tues Weds Thurs Fri Sat Sun Mon Tues Weds Thurs Fri Sat Sun 
1 2 3 4 5 6 7 1 2 3 4 5 6 7 
Lag period 
      





INJ     
1-day lag 
period 
example       




INJ     Rolling weekly (Acute, 7-day) 
2-day lag 
period 
example     
























    




2.6.3.2 Training Load and Illness 
It has been reported that, on average, Olympic athletes lose approximately 15 training 
days per year and a least 1 competition due to illness (Ronsen, 2005). An illness can 
have a negative effect on performance levels (Hosey & Rodenberg, 2005), due to 
absence of vital training sessions (Ronsen, 2005). A systematic review reported that if 
an athlete does not recover from an initial spike in training load they may experience 
an extended period of suppressed immune function, placing them at a greater risk of 
illness (Jones et al., 2017). Previous research in AFL players over a 15-week pre-
season period found that 42% of illnesses occurred after a >10% increase in acute 
training load, and 33% of illnesses occurred with a spike in training monotony (Piggott 
et al., 2009). Putlur et al. (2004) also found that 55-64% of illnesses occurred with a 
proceeding spike in training load, monotony, and strain in female soccer players, over 
9 weeks. However, Anderson et al. (2003) found no relationship between illness and 
training load, in collegiate basketball players, over a 21-week period (entire season). 
It was reported that the illnesses fluctuated in an unpredictable manner, which may 
account for no association with training load. However, a reason for no association 
between illness and training load, may be due to the training load data being averaged 
each week, which diminishes any individual training load fluctuations of the players 
(Lee & Pope, 2003). Furthermore, rolling weekly training load data or lag periods 
were not analysed. This would provide a coach with data that includes a player’s total 
training load, and the opportunity to alter training load during the interim period prior 
to a potential illness, to reduce the risk of contracting an illness. 
An URTI (i.e. a cold), has been the most reported illness in athletes (Hosey & 
Rodenberg, 2005; Robinson & Milne, 2002). Nieman et al. (1994) proposed a ‘J 
shaped’ model for exercise and immune function (Figure 4), where too little or 
prolonged intensive exercise increased the risk of contracting an URTI, while regular 
moderate intensity decreased the risk of contracting an URTI. Most elite athletes train 
at a moderate to high intensity, with prolonged high intensity exercise being a cause 
of a suppressed immune function, which may lead to an URTI (Nieman, 1994). This 
suppression in immune function can last up to 72 hours post exercise, which has been 
described as an ‘open window’, where athletes who continue to train or compete at a 




contracting an URTI also increases, especially in team sports, due to the close 
proximity and contact between teammates, which promotes transmission of the 
infection (Friman & Wesslén, 2000).  
 
Figure 4. ‘J’ shaped model of the relationship between the risk of URTI and exercise 
intensity (Nieman 1994, page S132). 
 
Previous research has reported that increased periods of training intensity resulted in 
peaks of URTIs, in elite Rugby union players over a season (Cunniffe et al., 2011). 
Novas et al. (2003) found higher incidences of URTIs were related to higher training 
loads in tennis players, over a 12-week period. Moreira et al. (2013a) found a 
significant association between training load and URTIs in futsal players, over a 4-
week period of intensive training during a competitive season. The results also found 
that as training load decreased, the URTI symptom severity decreased, suggesting 
higher training periods meant players were at a greater risk of developing an URTI. It 
should be noted that these studies were conducted over a short intense period of 
training (4 weeks) (Moreira et al., 2013a), which has been found to increase the risk 
of URTI (Gleeson et al., 2013; Moreira et al., 2013a; Nieman, 1994). Furthermore, the 
data collection were infrequent (weekly illness logs) (Cunniffe et al., 2011), which 
may not represent the true extent or occurrence of the number of illnesses reported 
during a week. Additionally, there is an absence of research on the timeframe between 
training load and illness, i.e. the lag period (Jones et al., 2017). This is important for 




avoid training loads that may place a player at a higher risk of an illness post-lag 
period. Furthermore, rolling weekly training load data were not analysed, which means 
a player’s total training load was not represented due to omitted data. Therefore, 
further research is required, over a longitudinal period collecting daily data, to 
calculate rolling weekly data. This can then be used to investigate the association 
between training load indices and URTI in team sports, and analyse the lag period 
between the variables (training load and URTI). 
2.6.4 Summary 
The quantification of training load is important, as it enables the coach to evaluate the 
difference between the planned and the performed sessions (i.e. the periodised plan), 
thus ensuring training can be adapted according to the training aims of the week or 
training block (Casamichana et al., 2013). There is limited research in team sports 
investigating the association between training load and injury (contact and non-
contact) (Bowen et al., 2017; Griffin et al., 2019; Jones et al., 2017; Malone et al., 
2017). Further research is needed to investigate rolling weekly training load indices 
instead of weekly blocks (Drew & Finch, 2016), that includes all training sessions 
completed by the players, not just GPS outdoor data (Stares et al., 2018). This will 
ensure essential training load data is not omitted. Furthermore, future research is 
required to explore the lag period between contact and non-contact injuries and illness 
with training load indices in team sports (Drew & Finch, 2016; Jaspers et al., 2017; 
Jones et al., 2017). This may provide valuable information to researchers, coaches, 
practitioners, or support staff to inform the alteration of training load to reduce the risk 
of injury or illness.  
2.7  Objective Monitoring Markers Aimed at Optimising Training 
Objective markers measure the load placed on the individual, these can be internal 
(e.g. blood, saliva, HR) or external markers (e.g. adductor squeeze strength, CMJ) 
(Djaoui et al., 2017; Jones et al., 2017; Saw et al., 2015). There are a number of 
objective monitoring markers aimed at optimising training by investigating a player’s 
recovery status. These markers can include, neuromuscular measures (e.g. CMJ) 
(Gathercole et al., 2015; Twist & Highton, 2013), joint range of motion and flexibility 




biomarkers (Halson, 2014), HR (Halson, 2014), and physical performance tests, such 
as sprint performance (Twist & Highton, 2013). However, some markers can be 
invasive, e.g. blood analysis (Roberts et al., 2008), exhaustive (e.g. maximal testing- 
V̇02max) (Thorpe et al., 2017a), and/or time consuming (e.g. HR monitors). To ensure 
monitoring markers are accessible to all teams, coaches and athletes, the markers 
should be easy to collect, ensure little change to the training schedule, be non-invasive, 
non-fatiguing and time-efficient (Buchheit et al., 2013; Gaviglio & Cook, 2014; 
Thorpe et al., 2017a). 
2.7.1 Adductor Squeeze Strength 
The adductor squeeze test is commonly used as a screening tool to identify changes in 
adductor strength (Roe et al., 2016b). Adductor strength can be measured using an 
isokinetic dynamometry (Baldon et al., 2012), handheld dynamometer (HHD), or a 
sphygmomanometer (Delahunt et al., 2011b). The benefit of the adductor squeeze 
strength test, using the HHD sphygmomanometer is it is a valid, reliable and simple 
low-cost marker (Delahunt et al., 2011b; Roe et al., 2016b; Toohey et al., 2018). It is 
also time efficient, easily implemented into normal training schedules (Roe et al., 
2016b), and non-fatiguing. The sphygmomanometer has been found to be a valid 
measure of adductor muscle strength in AFL players, compared to the HHD (r = 0.77 
to 0.91) (Toohey et al., 2018). Additionally, it has been found to be a reliable measure 
of adductor muscle strength in Gaelic games (Intraclass correlation (ICC) = 0.89- 0.92) 
(Delahunt et al., 2011b), Rugby union (Coefficient of variation (CV) = 2.7% and ICC 
= 0.95) (Roe et al., 2016b), and AFL players (ICC = 0.80 to 0.92) (Toohey et al., 
2018). 
Previous research has found that adductor squeeze strength is associated with groin 
injuries in Rugby union (Roe et al., 2016b), AFL (Buchheit et al., 2017; Crow et al., 
2010), Gaelic games (Delahunt et al., 2011b), and soccer (Engebretsen et al., 2010). 
However, there is an absence of research comparing training load to adductor squeeze 
strength (Esmaeili et al., 2018b; Roe et al., 2016b). A study by Esmaeili et al. (2018b) 
found no relationship between internal training load and adductor squeeze strength in 
AFL players over a 40-week season. However, adductor squeeze strength was 
collected weekly, which may not provide sufficient data to explore the day-to-day 




week are required to provide an opportunity to investigate the association between 
adductor squeeze strength and training load. Roe et al. (2016b) found Rugby union 
players who covered a greater distance during a match, took longer (48 hours) for their 
adductor squeeze strength scores to return to baseline. Data were collected across 4 
time points post-match, with the final collection at 72 hours (Roe et al., 2016b). 
Finally, Wollin et al. (2018) found an inverse relationship between match sRPE and 
adductor squeeze strength scores in youth soccer players, over a 2-week congested 
match period. However, both Roe et al. (2016b) and Wollin et al. (2018) studies 
focused on match load data; no other training sessions were reported or included in 
the analyses. This again highlights that a player’s total training load would not be 
accurately represented, meaning a coach/practitioner may have insufficient data to 
effectively alter training load correctly. Therefore, further research is required over a 
longitudinal period, that includes all training load data (all matches and training 
sessions), to explore if there is a relationship between adductor squeeze strength and 
training load.  
Interestingly, there is no research comparing adductor squeeze strength with 
subjective markers of recovery. The benefit of having subjective and objective 
markers of recovery may provide a coach with a holistic view of a player’s 
training/recovery response (Purge et al., 2006), which in turn could help make 
evidence-based decisions on the player’s training status (Halson, 2014; Thorpe et al., 
2017a). Therefore, further research is required to investigate the association between 
adductor squeeze strength and subjective markers of recovery.  
2.7.2 Salivary Biomarkers 
2.7.2.1 Salivary Cortisol 
An athlete needs a balance between training/match stress and recovery, to prevent 
injuries and overtraining/UUPS and optimise performance (Kellmann, 2010; King et 
al., 2010; Wiewelhove et al., 2015). However, increased stress can have a negative 
effect on a player’s performance and impact recovery (Meeusen et al., 2013). Cortisol 
is a stress hormone found in saliva, serum, and urine. Cortisol is produced by the 
adrenal cortex of the kidney (Blackburn-Munro & Blackburn-Munro, 2003), and is 




stress related cortisol levels follow a circadian rhythm, peaking in the morning to 
facilitate arousal and then steadily declining throughout the day (Ehlert et al., 2001; 
Tsigos & Chrousos, 2002; Levine et al., 2007). During the day, cortisol helps to 
maintain blood glucose levels and suppress non-vital organs to help provide energy to 
functioning systems such as, the brain and neuromuscular system (Heim et al., 2000). 
Cortisol is also a hormone that responds to stress/stressors (Hannibal & Bishop, 2014). 
Stress can be defined as the experience of an anticipated or actual threat to an 
organism’s homeostasis (Joëls et al., 2012), and cortisol is essential for the 
maintenance of homeostasis (Tsigos & Chrousos, 2002).  
Stressful events are inevitable in daily life, and overcoming obstacles is inherent to 
success (Hannibal & Bishop, 2014). Stressors can be both psychological and/or 
physiological (Levine et al., 2007), and the response may be acute or chronic (Adam, 
2012). Acute stress can have adaptive responses such as, increased arousal, alertness, 
vigilance, improved cognition, and focused attention (Chrousos, 1998). However, if 
acute adaptive stress is excessive and/or prolonged, it may turn into maladaptive 
responses (cortisol dysfunction), which include decrease in performance, chronic 
activation of the hypothalamic pituitary adrenal (HPA) axis, which can lead to 
immunosuppression (Chrousos, 1998). Furthermore, cortisol dysfunction can lead to 
a number of other factors, such as, muscle and bone breakdown, fatigue, depression, 
pain and memory impairments (Fries et al., 2005; Hannibal & Bishop, 2014). 
A physical stressor may be training, pain, injury, lack of sleep, or an immune infection, 
such as URTI (Bozovic et al., 2013), while psychological stressors may include social 
challenges or unfamiliar situations (Herman et al., 2003) and life events (Stults-
Kolehmainen et al., 2014). The average salivary cortisol levels in healthy subjects in 
the morning range from 5.52 – 28.92 nmol/l and in the afternoon can be between 1.10 
– 11.32 nmol/l (Bozovic et al., 2013). However, acute stress (including training) can 
also increase cortisol levels. The increase in cortisol levels, due to acute stress, usually 
occurs 15 minutes after the onset of stress, with levels then continuing to systemically 
rise and remain elevated for several hours (Adam, 2012; Blackburn-Munro & 
Blackburn-Munro, 2003). However, despite this, little is known about chronic stress 
response (Chida & Hamer, 2008). It is important to note that stress response and 
cortisol levels are individual (Steptoe et al., 2017), as the perception of a threatening 




Kudielka et al., 2009). This means one event may cause increased stress to an 
individual but does not cause stress to another individual  (Hannibal & Bishop, 2014). 
This further highlights that coaches should individually analyse a player’s recovery 
response. 
Cortisol has also been found to be a marker of a player’s physiological response to 
stress, and may provide a better understanding of the physiological response and 
recovery state from training and matches (Cunniffe et al., 2011; Lindsay et al., 2015a). 
The benefits of using saliva instead of serum, is that it is non-invasive (Roberts et al., 
2008), time efficient, simple, and can be taken in an applied setting (Cunniffe et al., 
2010; Gaviglio & Cook, 2014; Roberts et al., 2008). In addition, it requires no physical 
exertion, which means no additional load for the players.  
2.7.2.1.1 Salivary Cortisol and Training Load 
Caetano Júnior et al. (2017) examined the relationship between salivary cortisol 
response and sRPE after a Rugby match and an incremental treadmill test to fatigue 3 
days post-match. Saliva samples were collected pre and post-match and pre and post-
fatigue test. The results found a significant correlation between cortisol and sRPE after 
the Rugby match (r=0.81, p <0.001), and fatigue test (r=0.91, p <0.001) compared to 
pre-match. Moreira et al. (2012) found a significant association between match sRPE 
and salivary cortisol (r= 0.75), as internal load increased salivary cortisol levels also 
significantly increased, in elite basketball players. The study was conducted on 4 
separate matches, over 4 weeks, with salvia collection pre and post each match. Rowell 
et al. (2018) also found an association between internal load and salivary cortisol, in 
professional soccer players. Data were collected one day prior to each of the 34 
matches, over a whole soccer season. However, other previous studies have found no 
significant association between training load and salivary cortisol even with 
fluctuations in training load in futsal players (Moreira et al., 2013a), elite female 
basketball players (Nunes et al., 2014), and judo athletes (Agostinho et al., 2017). 
Agostinho et al. (2017) reported that the absence of change in salivary cortisol over 
the testing period (43 weeks), suggested that players were able to achieve positive 
adaptations due to an appropriate balance between training load and recovery. 
Furthermore, Buchheit et al. (2013) found no clear relationship between internal 




intensive training period during pre-season. Conducting testing during an acute 
intensive period of training may not represent the normal training variability across a 
pre-season or entire season period. Therefore, further research is required to collect 
data over a longer period of time, to investigate the variability and establish any 
patterns between training load and salivary cortisol (Caruana et al., 2015). 
In addition, these previous studies did not collect baseline measures (Rowell et al., 
2018); were acute in nature, 4-week intensive training period (Moreira et al., 2013a); 
or had infrequent saliva sample collection. Agostinho et al. (2017) collected saliva 
samples at 6 time points over a 43-week period and Nunes et al. (2014) collected saliva 
samples pre and post a 12-week training period prior. These factors (no baseline, 
infrequent testing, and acute data collection) may be the reason for no association. 
Furthermore, there is limited research investigating the association between salivary 
cortisol (objective marker) and subjective markers of recovery, which may provide a 
holistic view of a player’s recovery status to help appropriately plan training and 
ensure sufficient recovery. This is important because recovery is multifactorial 
(Kellmann, 2010), and players will respond differently to training stimuli and training 
loads (Smith, 2003). Therefore, a combination of monitoring markers may be required 
to help coaches make informed decisions on the players training status (Hogarth et al., 
2015). Guilhem et al. (2015) found no significant correlation between salivary cortisol 
and the psychological component of fatigue, from the Profile of Mood States (POMS) 
questionnaire, in track and field athletes, over a 20-week period, prior to a major 
international competition. Additionally, no significant correlation was found between 
training load and salivary cortisol (Guilhem et al., 2015). Buchheit et al. (2013) also 
found no association between salivary cortisol and the wellness markers, perceived 
fatigue, sleep quality, general muscle soreness, stress levels and mood, in AFL players 
over a 2-week training camp. Due to the dearth of research and limitations of previous 
research in team sports, further investigation is needed to explore the association 
between salivary cortisol and training load, and subjective markers of recovery. 
2.7.2.2 Salivary IgA and Upper Respiratory Tract Infections  
IgA is an anti-body and an immune marker that can be found in mucous membranes, 
particularly those lining the respiratory passages and gastrointestinal tract (Lamm, 




be found in the blood. There are two types of IgA; IgA1, found in serum and derived 
in bone marrow, and IgA2, a secretory form of IgA. Salivary IgA protects against 
pathogens, which are responsible for causing URTIs, by binding to the antigens to 
inhibit replication (Fahlman & Engels, 2005; Lamm, 1997; Mazanec et al., 1993; 
Orysiak et al., 2017).  
A decrease in sIgA can increase the risk of contracting an URTI, which in turn can 
interfere with training and have performance decrements, while also increasing the 
chance of missed training days or competitions (Gleeson, 2007; Orhant et al., 2010; 
Parry & Drust, 2006). URTI has been found to be the most common illness in 
professional soccer (74.5%), over a 3-season period (Orhant et al., 2010). A total of 
151 URTIs were recorded, with a mean of 1.86 complaints per player per season 
(Orhant et al., 2010). It has also been found that 89% of ice hockey players caught an 
URTI over a 24-week period (Orysiak et al., 2017), and on average a professional 
Rugby player was found to experience 4 URTIs over a Rugby season (Cunniffe et al., 
2011). This high occurrence of URTIs highlights the importance of the reduction and 
indication of a player that might contract an URTI to help reduce performance 
decrements. 
There have been a number of studies (Cunniffe et al., 2011; Fahlman & Engels, 2005; 
Mortatti et al., 2012; Neville et al., 2008; Novas et al., 2003; Orysiak et al., 2017) 
researching sIgA as an immune marker for URTI in elite sport. It has been found that 
lower sIgA increased the risk of contracting an URTI in ice hockey players, over a 24-
week period (Orysiak et al., 2017), and in soccer players, over a 20-day period 
(Mortatti et al., 2012). Cunniffe et al. (2011) study over an entire Rugby season, 
reported that players with lower mean sIgA had higher incidences of URTI, however 
it was not found to be statistically significant. Similarly, Fahlman et al. (2005) found 
where sIgA decreased there was an increased incidence of URTIs, in American 
football players, over a 52-week period. A limitation to these studies was saliva swabs 
were collected once a month (11-time points) (Cunniffe et al., 2011), and 8 time points 
over 52 weeks (Fahlman & Engels, 2005) and 24 weeks (Orysiak et al., 2017), 
respectively. A longitudinal study (50 weeks), collected weekly saliva samples from 
yacht racing athletes, finding that if sIgA significantly decreased, 3 weeks later the 
athlete was at a higher risk of contracting an URTI (Neville et al., 2008). However, 




players. The benefit of having a higher frequency of saliva collection may provide a 
better representation and further insight into the changes of salivary biomarkers over 
a training period e.g. pre-season (Cormack et al., 2008). 
2.7.2.3 Salivary IgA and Training Load  
It has been found that high training loads (volume and intensity) can decrease sIgA 
and suppress the immune system, meaning individuals are more susceptible to 
contracting an URTI (Brink et al., 2010; Ferrari et al., 2013; Papacosta & Nassis, 2011; 
Reid et al., 2001). Athletes normally have intensified training for days or weeks during 
a season but it needs to be identified how much, if any, of this affects the immune 
system in relation to training load (Gleeson & Robson-Ansley, 2006).  
Fahlman et al. (2005) found mucosal IgA significantly decreased during periods of 
intense training, in American football players, over a 52-week period. Novas et al. 
(2003) found that sIgA significantly associated with both training intensity and 
training volume in tennis players, on the previous day and previous week (7 days), 
over a 12-week period. Most studies have investigated temporary exercise related 
immune disturbance or have limited/ no data on the training completed by the athlete 
(Cunniffe et al., 2011; Mortatti et al., 2012). Few studies have investigated the 
occurrence of URTI in players over a full training and competition period (e.g. pre-
season, entire season), with information on all training data (matches and training 
sessions) (Cunniffe et al., 2011; Mortatti et al., 2012). More frequent saliva testing is 
required to see the weekly effect of training load on sIgA (Cunniffe et al., 2011; 
Mortatti et al., 2012). 
2.8 Subjective Markers of Recovery  
Subjective markers of recovery assess how an individual perceives their physical and 
psychological state (Jones et al., 2017). These subjective markers are also referred to 
as, subjective wellness markers, wellness markers, or perceptual wellness scales. 
However, for the purpose of this programme of research, they will be noted as 
subjective markers of recovery, as they provide internal feelings of how the player 
responds to training or other aspects of their life (e.g. muscle soreness, fatigue level, 
stress levels) (Saw et al., 2015; Thorpe et al., 2017a). There are a number of subjective 




the POMS (McNair et al., 1971), recovery-stress questionnaire for athletes (RESTQ-
sport) (Kellmann & Kallus, 2001), and daily analysis of life demands for athletes 
(DALDA) (Rushall, 1990). However, these questionnaires are time consuming, 
monotonous and impractical for fast instant results before training and adherence over 
an entire season (Gastin et al., 2013; Saw et al., 2015; Thorpe et al., 2017a). A 
shortened questionnaire or subscales, such as a Likert scale of subcategories e.g. 
muscle soreness, perceived fatigue, are widely used and have been shown to reflect a 
player’s recovery status and changes in acute training load (Gastin et al., 2013; Saw et 
al., 2015).  
Subjective markers of recovery have been found to be reliable measures (Gastin et al., 
2013; Montgomery & Hopkins, 2013; Roe et al., 2016a; Sawczuk et al., 2018). 
Montgomery and Hopkins (2013) found typical error for muscle soreness was 
0.51(25%); ± 0.20, on a Likert scale 1-10 (scale 1= not sore; 10= very sore). Roe et al. 
(2016a) found the between-day reliability of the subjective markers of recovery (sleep, 
fatigue, muscle soreness, stress and mood), using a Likert scale 1 to 5 (1=not sore, 
5=sore), had a CV value of 7.1%. Gallo et al. (2017) also found the subjective markers 
of recovery, sleep quality, stress, fatigue, mood, and muscle soreness, had good face 
validity, as Cronbach alpha was 0.70. This suggests there was an acceptable 
interrelatedness between the items (Likert scale 1-7, 1= not sore, 7=very sore). 
Sikorski et al. (2013) also validated perceived recovery (0-10, 0=not recovered/sore, 
10=fully recovered/not sore) compared to creatine kinase (a marker of muscle 
damage). The results showed a significant and moderate inverse relationship between 
perceived recovery and creatine kinase (R2 = 0.58, p <0.05). Additionally, a 
significant, inverse relationship was found between muscle soreness and physical 
recovery (p <0.05). These results suggest that the subjective markers of recovery 
(perceived recovery and muscle soreness) may be used as a measure of readiness to 
train but also as a measure of potential muscle damage. 
Monitoring subjective markers of recovery has been highlighted as an important factor 
for coaches and practitioners, so they can use the data to make adjustments to training 
(Saw et al., 2015). These adjustments may help ensure sufficient recovery, optimised 
training adaptations and performance, with an aim to reduce the risk of injury and 
illness (Thorpe et al., 2017a). Subjective markers should be taken as regularly as 




markers can include muscle soreness, perceived fatigue, stress, non-training stress, 
sleep quality and quantity, general wellbeing and physical recovery (Buchheit et al., 
2013; Gastin et al., 2013; Saw et al., 2015; Thorpe et al., 2015).  
2.8.1 Subjective Markers of Recovery and Training Load 
It has been found that subjective markers of recovery are sensitive to the fluctuations 
in training load (Buchheit et al., 2013; Thorpe et al., 2015; Thorpe et al., 2016; Thorpe 
et al., 2017b). Govus et al. (2018) measured muscle soreness, sleep quality and energy 
on a 1-5 Likert scale (1= very sore, poor sleep, no energy and 5= not sore, excellent 
sleep, totally energised), each morning prior to training, over an 8-week period with 
collegiate American football players. The results found no significant association 
between muscle soreness, sleep, energy or overall wellness z-scores and sRPE. 
However, when data were modelled individually, the results showed that for every 1-
unit increase in muscle soreness (i.e. the player felt more sore) there was a trivial 
decrease in sRPE by 4.4%, indicating muscle soreness may influence a player’s 
response to training. These findings may provide information on a player’s capacity 
to perform in training, and their response to training.  
Buchheit et al. (2013) found that all subjective markers of recovery (sum of perceived 
fatigue, sleep quality, general muscle soreness, stress levels and mood) were sensitive 
to the daily changes in internal training load (sRPE) in AFL players over a 2-week 
training camp. The authors found that the daily changes in training load (CV= 66%, 
p< 0.001) systematically affected all wellness measures (CV = 6–18%, p < 0.001 for 
all) the following day. Additionally, this was found to be a negative correlation, 
meaning as training load increased, the total sum of all subjective markers of recovery 
were found to decrease the following day (Buchheit et al., 2013). However, the sum 
of wellness measures did not substantially change throughout the camp (0.06= trivial 
magnitude of change, 90% confidence limits (−0.14 to 0.02 AU). It has been found 
that subjective markers of physiological and psychological recovery were sensitive to 
the change in weekly training manipulations, in elite AFL players over a competitive 
season (27 weeks) (Gastin et al., 2013). The subjective markers of recovery collected 
were on a Likert scale 1 to 5 (1= feeling ‘as good as possible’, and 5= feeling ‘as bad 
as possible’), and included, perceived fatigue, general muscle strain, hamstring and 




reported that there was a significant improvement in a selected number of subjective 
markers of recovery (fatigue, pain/stiffness, sleep, hamstring and quadriceps strain and 
power) in weeks where training load was reduced (Gastin et al., 2013). Additionally, 
player’s ratings of fatigue (p <0.05), muscle strain (p <0.05) and wellbeing (p <0.01) 
improved over a season by 0.004 each week, i.e. a player felt less fatigued each week 
by 0.004 AU. This may be due to appropriately planned and well-managed training 
programmes, including effective recovery strategies and training load manipulations 
(Gastin et al., 2013). In addition, it may also be potentially due to the ability of players 
to cope with demands of training and competition (Gastin et al., 2013). Thorpe et al. 
(2015) conducted a study over a 17-day period with 10 elite soccer players, 
investigating the relationship between daily load and subjective markers of recovery. 
The results found that perceived fatigue correlated with the GPS metric total high-
intensity-running distance (r = –0.51, large, p <.001). However, sleep quality and 
muscle soreness were not found to associate with any of the GPS metrics. Further 
research found that the subjective marker of perceived fatigue correlated with 
fluctuations in accumulated total high-speed-running-distance, 2 days (r = –0.31; 
small), 3 days (r = –0.42; moderate), and 4 days (r = –0.28; small) (p <0.05) (Thorpe 
et al., 2017b). These results suggest that the marker of perceived fatigue is sensitive to 
the in acute change of the accumulation of total high-speed-running-distance (Thorpe 
et al., 2017b). 
Previous research also investigated the association between subjective markers of 
recovery and recovery from matches. A study by Gallo et al. (2017) investigated a 
typical in-season schedule of AFL players, and found no association between internal 
load from a match and weekly subjective markers of recovery (muscle soreness, 
fatigue, sleep quality, stress and mood), over a 23-week competitive period. The study 
also investigated if the length of the match-to-match microcycle altered the weekly 
subjective markers of recovery profile. The typical weekly AFL match schedule 
involved match-to-match microcycles of 6, 7, or 8 days. The results found a significant 
association between baseline subjective markers of recovery returning to normal post-
match levels, 3 days after a microcycle of 5 or 6 days. Additionally, after an 8-day 
cycle the subjective markers of recovery returned to normal 4 days’ post-match. This 
suggests that a longer microcycle (i.e. 8 days) takes more time to recovery than a short 




pain/stiffness, sleep, hamstring and quadriceps strain and power) immediately post 
competition, with improvements of subjective markers of recovery leading into match 
day, in AFL players over a competitive season. This may help a coach to appropriately 
manage training load leading up to a competition. Thorpe et al. (2016) also found 
perceived fatigue, sleep quality, and muscle soreness were 35-40% worse the day post-
match compared to the pre-match day (p <0.001), in elite soccer players, over an entire 
season (~40 weeks). Additionally, perceived fatigue, sleep quality, and muscle 
soreness improved by 17-26% from post-match day to 3 days’ post-match, with further 
(7% - 14%) improvements between pre-match day and the fourth day post-match (p 
<0.001). However, no statistical significant changes were observed with any of the 
weekday HR measures. Consequently, the authors stated that these results indicated 
that the subjective markers of recovery were more sensitive than HR-derived measures 
to daily fluctuations in training load. 
Daily subjective markers of recovery may provide valuable insights into the adaptive 
responses of a player from training and competitions, which begins to provide some 
ecological validity to this approach (Gastin et al., 2013). A systematic review found 
that subjective markers were more responsive to acute training load than objective 
markers (Saw et al., 2015). Objective markers of recovery provide useful information 
on a player’s training response, however it was reported that objective markers were 
generally unresponsive to acute changes in training load compared to subjective 
markers. The subjective markers were found to reflect acute and chronic training 
related changes. This finding highlights the importance of using both subjective and 
objective markers of recovery to help provide a more global picture of the players’ 
training status (Hills & Rogerson, 2018; Jones et al., 2017). Additionally, a lack of 
association was found between objective markers of recovery, including biomarkers, 
and subjective markers of recovery (Saw et al., 2015). However, it should be noted 
that the lack of association may be due to different testing methods, scenarios and non-
training influences (Saw et al., 2015). Therefore, further research is required to 
investigate the association between subjective and objective markers of recovery. This 
may provide coaches and practitioners with data from different elements of a player’s 
recovery, as players may respond differently to the same training loads or stimuli 




number of monitoring markers may be required to help appropriately plan and adapt 
a player’s training in response to their recovery status. 
2.8.2 Summary of Subjective and Objective Markers of Recovery 
Salivary biomarkers can provide an objective marker of physiological stress (salivary 
cortisol) and immune system function (sIgA), to help evaluate and manage a player’s 
recovery and optimise training (Lindsay et al., 2015a). These salivary biomarkers may 
be used to highlight a player at an increased risk of contracting an URTI or with high 
physiological stress, which may lead to missed training days and/or performance 
decrements (Gleeson, 2007; Orhant et al., 2010; Parry & Drust, 2006). Adductor 
squeeze strength has been found to be a marker of recovery post-match (Roe et al., 
2016b). However, there is limited research investigating the relationship between sIgA 
and URTI, and cortisol and adductor strength with internal training load (Halson, 
2014; Thorpe et al., 2017a). No study to date has been conducted collecting sIgA or 
salivary cortisol multiple times a week in Rugby union (Lindsay et al., 2015a). 
Ecologically valid testing, with point of care equipment, is needed to investigate the 
athlete’s immune function and physiological stress levels (Moreira et al., 2013b). 
Subjective markers have been found to be more sensitive than objective markers to a 
player’s training load (Saw et al., 2015). However, it should be taken into account that 
athletes may answer the question for social desirability, i.e. they answer the questions 
to show themselves in a positive light, if they want to train or the other way around to 
reduce their own training load (Meeusen et al., 2013). This highlights the importance 
of collecting both subjective and objective data (Hills & Rogerson, 2018). However, 
objective markers of a player’s recovery status must be non-fatiguing, time efficient, 
cost effective and cause minimal disruption to a player’s schedule, such as the 
adductor squeeze strength test or salivary cortisol. The use of an integrated approach 
(subjective and objective markers of recovery), can help gain a better understanding 
of the player’s needs, recovery and training status (Thorpe et al., 2017a). Due to the 
limited research investigating the association between the objective markers of 
salivary cortisol and adductor squeeze strength with subjective markers of recovery, 
further research is required in this area, to explore the concept that a single monitoring 
marker of recovery may not provide sufficient data to provide a comprehensive view 




2.9  Chapter Summary 
Team sports, such as Rugby union and soccer, require individualised training 
programmes for each player to ensure optimal performance. Monitoring and 
management of a player’s training load and recovery are essential to ensure players 
are appropriately prepared for competitions (Pyne & Martin, 2011), and to reduce the 
risk of a player’s likelihood of sustaining an injury, contracting an illness or leading 
to non-functional overreaching or even overtraining (Nimmo & Ekblom, 2007; Saw 
et al., 2017; Thorpe et al., 2017a). 
The quantification of training load is important as it enables the coach to evaluate the 
difference between the planned and the performed sessions, thus ensuring training can 
be modulated according to the training aims of the week or training block 
(Casamichana et al., 2013). However, few studies have investigated the acute and/or 
accumulative load using rolling weekly training load data over a longitudinal period 
to determine the association with injury, illness, and their associated lag period (Jones 
et al., 2017). One of the benefits of longitudinal data collection is to explore possible 
injury or illness trends, which may provide coaches with objective data to help plan 
training blocks (Jones et al., 2017), as injuries can significantly influence an individual 
and a team’s performance over a protracted period of time (i.e., a league season). 
Therefore, the reduction of injury is of a heightened importance, to increase the team’s 
chances of success (Hägglund et al., 2013), which highlights why further research is 
required. Longitudinal research may also provide an opportunity to explore within 
player changes, to investigate any patterns over a season. 
The use of training load is popular in Rugby union and soccer, however there is also 
a requirement to assess the physiological and psychological responses to training, in 
an attempt to evaluate individual player’s adaptations to training and their recovery 
status (Meeusen et al., 2013). Additionally, non-functional overreaching and the 
overtraining syndrome and UUPS have a large number of symptoms, which highlights 
that a variety of monitoring markers are required to indicate a player potentially 
reaching these stages. Therefore, a combination of subjective and objective markers 
of recovery (including biomarkers) that are non-invasive and time efficient, are needed 
to obtain the full picture of how a player is feeling and how their body is responding 




research is needed to investigate the association between subjective and objective 
markers of recovery, and their relationship to training load. Additionally, to explore 
the relationship between training load, injury, and illness with rolling weekly training 











Chapter 3- Study 1- An Investigation of the Relationship 
between Salivary Cortisol, Training Load, and Subjective 
Markers of Recovery in Elite Academy Rugby Union 
Players 
 
Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2020). 
Investigation of the relationship between salivary cortisol, training load, and 
subjective markers of recovery in elite Rugby union players. The International Journal 








Purpose: Insufficient recovery can lead to a decrease in performance and increase the 
risk of injury and illness. The aim of this study was to evaluate salivary cortisol as a 
marker of recovery and its association with training load and subjective markers of 
recovery in elite academy Rugby union players. Method: Over a 10-week pre-season 
training period, 19 male elite academy Rugby union players provided saliva swabs 
biweekly (Monday and Friday mornings). Subjective markers of recovery were 
collected every morning of each training day. RPE was taken after every training 
session, and training load was calculated (sRPE= RPE x session duration). Results: 
Multilevel analysis found no significant association between salivary cortisol and 
training load or subjective markers of recovery (all p >0.05) over the training period. 
Compared with baseline (week 1), Monday salivary cortisol significantly increased in 
week 4 (14.94 [7.73] ng/mL; p =0.04), week 8 (16.39 [9.53] ng/mL; p =0.01), and 
week 9 (15.41 [9.82] ng/mL; p =0.02), and Friday salivary cortisol significantly 
increased in week 5 (14.81 [8.74] ng/mL; p =0.04) and week 10 (15.36 [11.30] ng/mL; 
p =0.03). Conclusion: The significant increase in salivary cortisol on certain 
Mondays, post matches, may indicate that players did not physically recover from the 
previous week of training or match at the weekend. The increased Friday cortisol 
levels and subjective marker of perceived fatigue indicated increased physiological 
stress from that week’s training. Regular monitoring of salivary cortisol combined 







Elite athletes are under considerable physiological stress due to high levels of training 
and performance requirements (Cevada et al., 2014). Increased stress can have 
negative effects on performance (Halson, 2014), particularly if there is an imbalance 
between training load and recovery (Meeusen et al., 2013). Insufficient recovery can 
lead to a decrease in performance and may lead to non-functional overreaching or 
overtraining/UUPS, while also increasing the risk of injury and illness (Meeusen et 
al., 2013). Training load has been widely used as a monitoring marker to optimise 
training in many team sports such as Rugby (Lovell et al., 2013) and AFL (Rogalski 
et al., 2013). Evidence suggests that with just a 1-week increase or “spike” in training 
load, players are at a greater risk of an injury (Gabbett, 2016). 
Monitoring markers are imperative to ensure sufficient recovery, manage stress (both 
physiological and psychological), and optimise training for peak performance 
(Gabbett, 2016; Hills & Rogerson, 2018; Twist & Highton, 2013). Stress can be both 
psychological and physiological; however, for the purpose of the current study, 
physiological stress has been defined as internal or external forces or stressors, which 
alters the dynamic equilibrium or homeostasis of the body (Cayado et al., 2006). 
Recovery has been defined as the ability to meet or exceed performance for a particular 
activity (Bishop et al., 2008). However, for specificity to the current study, recovery 
is the return of salivary cortisol to baseline levels or above.  
Cortisol is a stress hormone found in saliva, serum (blood), and urine. Salivary cortisol 
has been found to be a marker of physiological stress and may provide an 
understanding of the physiological response from training and matches in team sports 
(Cunniffe et al., 2011; Lindsay et al., 2015a; Lindsay et al., 2015b). Saliva collection 
is non-invasive, time efficient, and easy to collect, indicating that it can be used in an 
applied setting (Papacosta & Nassis, 2011; Pritchard et al., 2017). Despite this, limited 
research has previously evaluated the effectiveness of measuring weekly salivary 
cortisol as a monitoring marker in terms of identifying recovery state in Rugby union 
players (Cunniffe et al., 2011; Halson, 2014). To gain a better understanding of the 
players’ recovery, both objective (internal and external) and subjective markers of 




currently a dearth of scientific research investigating the relationship between salivary 
cortisol, training load, and subjective markers of recovery in Rugby union. 
A limiting factor of previous research is the frequency of saliva collection (Mortatti et 
al., 2012; Papacosta & Nassis, 2011; Pritchard et al., 2017). Agostinho et al. (2017) 
studied judo athletes and found that training load did not influence a change in salivary 
cortisol levels despite significant increases in training load. However, the study was 
conducted over 43 weeks with just 6 saliva testing time points. Similarly, Nunes et al. 
(2014) found that salivary cortisol did not change even with fluctuations in internal 
training load in elite female basketball players. Again, salivary cortisol testing was 
infrequent, with saliva collection before and after the 12-week study. Cormack et al. 
(2008) conducted a study in AFL players over a 22-week period with 20 testing time 
points. The results found that an increase in salivary cortisol and decrease in CMJ 
height indicated that players had incomplete recovery of neuromuscular (decreased 
force production) and hormonal status, which may lead to a catabolic state. However, 
this study (Cormack et al., 2008), collected training volume rather than training load 
(e.g. sRPE), which has been found to be a more valid and reliable measure of training 
response than training volume as it takes into account a player’s internal load (Lovell 
et al., 2013). Additionally, no statistical analysis was conducted comparing weekly 
training volume and salivary cortisol. Cunniffe et al. (2011) conducted an 11-month 
longitudinal saliva study with Rugby union players. It was found that salivary cortisol 
was higher in-season, with November presenting the highest salivary cortisol levels, 
which the author deemed to be due to heavy training. However, there were only 7 
salivary cortisol testing time points over this period (11 months). Other studies 
examined the acute effect of a Rugby match on salivary cortisol as a marker of 
recovery, with post-match salivary collection ranging from 17-24 hours (Lindsay et 
al., 2015a; McLellan et al., 2011a). Greater frequency of testing of salivary cortisol 
may provide more data points, which will help enhance the identification of any trends 
or patterns in relation to a player’s recovery status (Cormack et al., 2008; Mortatti et 
al., 2012; Neville et al., 2008; Papacosta & Nassis, 2011). Additionally, the use of a 
standardised testing day facilitates the evaluation of weekly variations over a period 
of time.  
Another limiting factor in previous research was the method standardisation for saliva 




collected saliva swabs weekly over a 4-week period of intensified training. The results 
found no changes in salivary cortisol even with significant changes in training load. 
However, the study did not account for a normal training schedule, as testing was 
conducted over an intensive 4-week training period, which means it did not reflect the 
training response or changes over time. This is important for coaches to help 
understand a player’s recovery response to ensure training load can be appropriately 
planned and adjusted. Rowell et al. (2018) and Moreira el al. (2012) found that as 
internal load increased, salivary cortisol levels also significantly increased in 
professional soccer players over an entire soccer season, and in elite basketball players 
over 4 consecutive matches, across 4 weeks (saliva samples were collected pre and 
post-match). However, no baseline measures were taken, and sleep or stressful 
situations were not recorded. In addition, there was no statement of pre saliva sample 
collection (e.g. no brushing of teeth, no caffeinated drinks consumed), or any 
indication of consideration for diurnal variations (Pritchard et al., 2017), as the players 
may have woken up 30 minutes or 2 hours prior to the collection. To reduce 
measurement error and ensure a stringent method for examining salivary cortisol, the 
players’ diet before the swab, sleep quantity and quality the night before, physical 
activity, any stressful situations, and diurnal variation should be taken into account 
and recorded (Kumari et al., 2009; Pritchard et al., 2017). However, most studies 
(Agostinho et al., 2017; Cunniffe et al., 2011; Gaviglio & Cook, 2014; Lindsay et al., 
2015a; McLellan et al., 2011a; Moreira et al., 2013a; Nunes et al., 2014; Rowell et al., 
2018) did not account for all the factors, increasing the risk of variability (Papacosta 
& Nassis, 2011). Research is therefore needed to investigate the association between 
weekly salivary cortisol and training load (Agostinho et al., 2017), using a stringent 
method for saliva collection (Papacosta & Nassis, 2011; Pritchard et al., 2017), in 
Rugby union players. 
To the authors’ knowledge, no study has been previously published examining weekly 
salivary cortisol responses in Rugby union players. The main aim of this study was to 
explore the association between resting salivary cortisol (an objective marker of 








The study was completed over 10 weeks (pre-season) with 19 players, to investigate 
the physiological stress response to training. Salivary cortisol was compared with 
training load and subjective monitoring markers of recovery. Together with saliva 
collection, the monitoring included a number of subjective markers of recovery (Table 
5) and training load. Swabs were collected on a Monday, which coincided with the 
start of the training week, to provide an indication of the players’ recovery from the 
previous week of training or match at the weekend (Table 6). Friday saliva collection 
was the last day of the training week, investigating the effect of that week’s training 
and/or recovery status for a match at the weekend. 
Table 5. Subjective monitoring markers collected daily by the Rugby team. 
 
 Monitoring marker How it was collected 
Subjective 
(internal) 
Muscle soreness Likert Scale 1-10 
Stress level Likert Scale 1-10 
Fatigue Likert Scale 1-10 
Energy Likert Scale 1-10 
Physical recovery Likert Scale 1-10  
Non-sports stress Yes/No 
 
Note: 1= not sore/fatigued/stressed, fully recovered, 10= very sore, fatigued, stressed, no 
energy, not recovered. Likert scale referenced from (Halson et al., 2008; Montgomery & 
Hopkins, 2013). 
 
Table 6. Training schedule over a 10-week pre-season period for baseline, download 











1 Baseline   8 
2    11 
3 Download   7 
4    14 
5    11 
6     10 
7   Friendly (Friday evening) 19 8 
8   Competitive (Saturday afternoon) 19 7 
9   Competitive (Saturday afternoon) 10 10 





Nineteen male elite academy Rugby union players volunteered to take part in the study 
(mean ± SD, age 19.7 ±1.1 years, height 184.5 ± 7.7 cm, body mass 96.2 ± 12.5 kg). 
All players were contracted with the academy of a professional Rugby team and 
trained full-time with the academy and/or senior team. All training was planned and 
scheduled by the coaches and adjusted where they saw fit. This included the download 
week (week 3), which was known as the ‘recovery week’. Players were away from the 
training facilities but were prescribed sessions by coaches to complete. 
Each week typically consisted of 4 to 5 days a week, approximately 10 sessions a week 
(Table 6), with multiple sessions a day. Sessions included gym/resistance, Rugby 
sessions, skills-based sessions (e.g. passing, tackling, lineouts), and conditioning pitch 
sessions. All gym sessions were completed with the academy team in the morning, 
approximately 3 to 4 sessions a week. All players were informed of the study 
requirements (Appendix 1) and provided written informed consent (Appendix 2). The 
study was approved by the University of Limerick Research Ethics Committee, and 
all procedures were in accordance with the Declaration of Helsinki (World Medical 
Association, 2013). 
3.3.3 Procedures 
All testing took place in the Rugby team’s training facilities, located on the University 
of Limerick campus, to ensure minimal disruption to training and continuity with the 
players’ normal training schedule. Data collection for both saliva and subjective 
markers of recovery took 20 minutes to complete each morning. The players prepared 
their own snacks and pre-gym breakfast with advice from the qualified team 
nutritionist. Data collection started in the first week of the pre-season, after players 
returned from a 3-week off-season.  
3.3.3.1 Baseline Measures 
On the first week of players returning to training, which was a medical screening week 
with low training load scheduled, saliva samples were collected each morning for 4 
days: Monday, Tuesday, Thursday, and Friday (in keeping with the players’ normal 




account for the individual variations and effects of sleep and stressful situations 
(Kumari et al., 2009). All saliva samples (Monday and Friday) were compared with 
the average of week 1 baseline data. 
3.3.3.2 Pre-season Testing 
Players’ saliva samples and a self-reported sleep diary (Appendix 3) were collected 
twice a week, on a Monday and Friday morning prior to training. Prior to the Monday 
swab testing, players had at least one full day of recovery from training or playing a 
match. Subjective markers of recovery (Table 5) were collected each morning of a 
training day. RPE was taken after every training session or match. 
The sleep diary recorded the players’ sleep quantity (time in hours/minutes), how long 
it took them to fall asleep, if they woke during the night and how long for, and sleep 
quality on a 0 to 4 Likert scale; 0 = very good (very sound) and 4 = very bad (restless). 
The sleep diary was similar to the sleep diary used in previous research (Carney et al., 
2012; Taylor et al., 2013). Sleep data were documented as it has been found that sleep 
can affect salivary cortisol levels (Kumari et al., 2009).  
3.3.3.3 Saliva Collection Protocol 
Players’ saliva samples were collected within 1 hour of the players waking up, 
normally between 07:00 and 08:00 AM; this was to account for diurnal variation 
(Kumari et al., 2009; Pritchard et al., 2017). Cortisol levels increase on waking and 
start to decrease an hour after waking (Pritchard et al., 2017). This method was used 
instead of a set time, as the players’ waking times differed. 
To ensure more stringent testing and reduce salivary cortisol measurement error 
(Hayes et al., 2016; Papacosta & Nassis, 2011), players were required to have eaten 
breakfast, refrain from brushing their teeth, due to the risk of blood contamination 
(Lewis, 2006), or eating chewing gum. They were also told to avoid drinking any 
caffeinated drinks (tea, coffee, or sports drinks) (Hayes et al., 2016) or consuming 
alcohol 24 hours prior to testing (Cunniffe et al., 2011). Research has found that sleep 
and stressful situations can affect salivary cortisol results (Kumari et al., 2009). Each 
player recorded what they had eaten for breakfast, how they slept the previous night, 




Players placed the oral fluid collector (OFC) swab (Soma Bioscience, Wallingford, 
United Kingdom) on their tongue and closed their mouth. They did not suck or move 
the swab around their mouth to ensure the test was consistent and reduced variability 
(Coad et al., 2015). The indicator on the stem turned blue when the sample was 
complete (swab collected 0.5 ml oral fluid). The swab was then placed in the OFC 
buffer bottle of assays (sodium phosphate, salts, detergents, and preservatives). 
The lead researcher (C.T.) gently mixed the samples in the OFC buffer bottle for 2 
minutes. Two drops of the sample were added to the sample window of the lateral flow 
device (LFD) and left for exactly 15 minutes (‘incubation’ phase). The strip was 
placed in the LFD real-time reader, and the results were ready within 22 seconds. 
Cortisol units were recorded as nanograms per millilitre (ng/ml). The use of the Soma 
Bioscience OFC collector has been found to be a valid method to collect and analyse 
salivary cortisol (Fisher et al., 2015). Results found no significant differences in 
salivary cortisol when analysed with enzyme-linked immunosorbent assay (ELISA) 
and Soma Bioscience (p= 0.819) (Fisher et al., 2015). The use of the OFC and LFD 
has also been found to be a reliable measure to analyse salivary cortisol (ICC= 0.85-
0.89) (Fisher et al., 2015). Macdonald et al. (2017) analysed the inter-day reliability 
of resting salivary cortisol using Soma Bioscience equipment, and found that salivary 
cortisol was a reliable measure (ICC= 0.96, CV= 9.4%). 
3.3.3.4 Training Load 
To subjectively measure a player’s exercise intensity from the session, RPE was 
recorded after every training session or match (Lovell et al., 2013), using the modified 
Borg 0 to 10 scale. The players were asked after each training session “how intense 
do you felt the session was?” (Foster et al., 2001). RPE has been found to be a valid 
and reliable monitoring marker for internal load and exercise intensity, compared with 
HR (Lovell et al., 2013) and blood lactate concentrations (Foster et al., 2001). 
Training load (sRPE) for each session was calculated by RPE x duration of session (in 
minutes) (Foster et al., 2001). Each sessions training load data were added together to 
provide weekly training load data. The weekly training load included all training 





3.3.4 Statistical Analysis 
Descriptive statistics were calculated, using multilevel modelling software (MLwin) 
(version 2.36; Centre for Multilevel Modelling, University of Bristol, Bristol, 
England) for all variables. Non-parametric analysis was used, as the data were not 
normally distributed. Natural log transformation was used to calculate salivary cortisol 
means, due to the variability in salivary cortisol and to reduce bias from non-
uniformity of error (Gaviglio et al., 2015), i.e. to meet the assumptions of normality, 
and homoscedasticity (Gastin et al., 2013). Significance was set at p ≤0.05.  
Multilevel analysis was conducted using MLwin. Multilevel modelling was used as 
there were multiple testing time points, and the study sought to investigate both 
between- and within-subject variability. A 2-level model was conducted, training 
weeks (level 1) and players (level 2), to investigate the variance between weeks and 
players and the variance within players across those training weeks. Using multilevel 
modelling reduces the independent observation assumption, thus allowing within 
subject comparisons. This is fundamentally important in the context of this research, 
as each player is individual and will react/respond differently to the same training. 
3.4 Results 
Figure 5 shows the weekly mean ± standard error (SE) of training load and salivary 
cortisol on a Monday and Friday morning across the 10-week training period. 
The multilevel analysis found no significant association (p >0.05) between Monday 
cortisol and the previous week’s training load (Beta (β) [SE]: 0.00028 [0.00082] 
ng/mL) or between Friday cortisol and the same week’s training load (0.00108 
[0.00072] ng/mL) (Table 7). No significant association (p >0.05) was found between 
salivary cortisol and the subjective markers of recovery (perceived fatigue, muscle 





Figure 5. Weekly variations in salivary cortisol and training load, over 10-week pre-
season period. 
(A) Monday salivary cortisol, (B) Friday salivary cortisol, (C) Training load. Week 1 
was baseline, and week 3= the download week. All data were compared with baseline 
(week 1). * p ≤ 0.05- significantly different to baseline (week 1), **p ≤ 0.001- highly 
significantly different to baseline (week 1). Data are mean ± SD. 
 
Compared with baseline (week 1), Monday cortisol significantly increased in week 4 
(β [SE]: 4.54842 [2.19724] ng/mL; p =0.04), week 8 (5.97474 [2.19724] ng/mL; p 
=0.01), and week 9 (4.99684[2.19724] ng/mL; p =0.02) (Figure 5A). Friday cortisol 
significantly increased in week 5 (4.39789 [2.17926] ng/mL; p =0.04) and week 10 
(4.91486 [2.28392] ng/ml; p =0.03) compared with baseline (Figure 5B). Friday 
cortisol levels in week 6 (11.27 ng/mL), week 7 (9.86 ng/mL), week 8 (10.67 ng/mL), 
and week 9 (7.10 ng/ mL) were all close or below baseline levels (10.49 ng/mL). It 
must be noted that Monday cortisol in week 8 was collected after a friendly match 
(week 7) with 2 days of recovery, and in week 9 the saliva sample was collected after 
a competitive match (week 8) with 1-day recovery. No significant difference was 




Figure 6 shows the weekly variation (mean ± SD) of perceived fatigue. Weeks 5 and 
10 showed a significant increase, whereas weeks 2, 6, and 8 showed a significant 
decrease compared with baseline (week 1). 
 
Table 7. Multilevel regression comparing salivary cortisol on Monday with the 
previous weeks training load, and Friday salivary cortisol with the same weeks training 
load. 
  
Monday cortisol to  
previous week training load 
Friday cortisol to  










Constant  12.85123 0.89644 - 11.81569 0.69525 - 
Training Load 0.00028 0.00082 0.73 0.00108 0.00072 0.13 
Level 2 (between 
Players) Variance  
9.58 5.00 - 3.81 3.04 - 
Level 1 (within 
players) Variance 
50.20 5.82 - 50.19 5.63 - 
 
 
Table 8. Multilevel regression comparing salivary cortisol with subjective 
monitoring markers of recovery. 
  Salivary Cortisol  
  Fixed explanatory variables 
Parameter  Estimate (β) SE p-value  
Constant  11.66416 0.73796 - 
Fatigue 0.08295 0.49141 0.87 
 Muscle soreness -0.02745 0.44126 0.95 
Stress level 0.21972 0.39418 0.58 
Energy  0.07421 0.40575 0.85 
Physical recovery -0.0559 0.15656 0.72 
Level 2 (between Players) Variance 7.14 3.37  - 






Figure 6. Weekly variations of Friday subjective fatigue marker over a 10-week training 
period. Data are mean ± SD. 
*p ≤0.05- significantly different to baseline (week 1). 
 
3.5 Discussion 
The aim of this study was to investigate the use of resting salivary cortisol as a marker 
of recovery in elite academy Rugby union players and to explore if there was an 
association between salivary cortisol, training load, and subjective monitoring markers 
of recovery. The results from the current study found no significant association 
between training load and salivary cortisol, when comparing Monday cortisol with the 
previous week’s training load data and Friday cortisol with the same week of training 
load. Previous research in futsal (Moreira et al., 2013a), elite female basketball players 
(Nunes et al., 2014), and judo athletes (Agostinho et al., 2017) also found no 
significant association between training load and salivary cortisol, even with 
fluctuations in training load. Guilhem et al. (2015) found no correlation between 
weekly training load and salivary cortisol. However, the saliva sample collections 
were infrequent with 8 time points over 4.5. In contrast, Rowell et al. (2018) found 
that when internal training load increased, salivary cortisol levels also significantly 
increased in soccer players, over one competitive season. Saliva samples were 
collected 1 day prior to each of the 34 matches over a season. However, no baseline 
measures were collected, and a stringent method was not used when collecting saliva 




No association was found when comparing salivary cortisol with the subjective 
markers of recovery (perceived fatigue, muscle soreness, stress level, energy, and 
physical recovery). Similar to our findings, Guilhem et al. (2015) found no significant 
correlation between the psychological component of fatigue, from POMS, and salivary 
cortisol. Buchheit et al. (2013) also found no association between salivary cortisol and 
the wellness markers, perceived fatigue, sleep quality, general muscle soreness, stress 
levels and mood, in AFL players over a 2-week training camp. Interestingly, when the 
subjective marker of perceived fatigue in the current study was analysed weekly, a 
similar trend to Friday cortisol was observed. Friday cortisol significantly increased 
in weeks 5 and 10 (Figure 5B). Similarly, perceived fatigue levels on a Friday 
significantly increased in weeks 5 and 10, compared with baseline (Figure 6). These 
results suggest that in these weeks, the players’ physiological stress increased. 
However, with the knowledge and expertise of the coaches on training load, they 
appropriately planned and adjusted training, which may have ensured cortisol levels 
did not stay elevated and returned close to baseline. This may have allowed sufficient 
recovery for optimised training performance (Agostinho et al., 2017).  
A potential reason for the lack of association between training load and salivary 
cortisol and subjective markers of recovery, in the current study, could be due to the 
large individual variability in salivary cortisol. Previous research, similar to the current 
study, also found large individual variability and unique responses for players’ 
salivary cortisol levels (Guilhem et al., 2015; Lindsay et al., 2015b), indicating that 
the results should be individually assessed. In addition, sleep and stressful situations 
were recorded, however, because of the practical nature of the current study ensuring 
minimal disruption to the players’ normal training schedule, sleep and stressful 
situations could not be controlled. 
Monday cortisol levels compared with baseline (mean [SD]; 10.41 [5.09] ng/mL) 
significantly increased in week 4 (14.94 [7.73] ng/mL), which was after the players’ 
download week. The increase in salivary cortisol may indicate the players’ natural 
response to the previous training phase, as previous research has found that elevated 
cortisol levels indicate physiological stress (Lindsay et al., 2015a; McLellan et al., 
2011a). It would be expected for players to have returned recovered in week 4 after 
the download week due to a lower prescribed training load. However, during the 




activities may have been engaged with; however, these were not recorded. Similarly, 
in weeks 8 (16.39 [9.53] ng/mL) and 9 (15.41 [9.82] ng/mL), salivary cortisol on 
Monday was significantly higher than baseline. A reason for the elevated salivary 
cortisol may be due to the match played the weekend before (Table 6). These results 
may indicate that players did not sufficiently recover from the previous week of 
training or match, as it has been found that players’ physiological stress can take up to 
24 hours to reduce to baseline levels post-match (Lindsay et al., 2015a; McLellan et 
al., 2011a). It should be noted that the game in week 8, which was followed by 
significantly higher Monday salivary cortisol levels compared to baseline, was the 
only competitive match where all 19 players participated. This is an important finding 
for coaches and practitioners, as recovery between matches is essential to help 
optimise performance (Thorpe et al., 2017a). Interestingly, after the competitive match 
on Saturday of week 9, the following Monday salivary cortisol levels were not 
significantly higher than baseline, possibly indicating sufficient recovery (Cormack et 
al., 2008; Lindsay et al., 2015a). However, only 10 of the 19 players played in the 
match, which may be the reason for no significant increase in Monday cortisol. 
Additional analysis was conducted to explore if there was a significant difference 
between the 10 players who played a match the previous weekend and the players that 
did not. The results found no significant difference (p >0.05) between the players 
whether they played a match or not, which further supports why there may not have 
been a significant increase or elevated salivary cortisol levels on that Monday (week 
10). It also indicates that the 10 players who played the match had sufficiently 
recovered. 
Friday cortisol levels in week 7 (9.86 [5.06] ng/mL), week 8 (10.67 [9.65] ng/mL), 
and week 9 (7.10 [3.89] ng/mL) were all close or below baseline levels (10.41 [5.09] 
ng/mL) (Figure 5). The reason for the decrease of Friday cortisol (weeks 7–9) may be 
due to the coaches having planned and adjusted the players’ training programmes to 
ensure correct preparation for the matches, as the players had both friendly (week 7) 
and competitive (weeks 8 and 9) matches (Table 6). It must be noted that all 19 players 
were prepared for the competitive match in week 9. This adjusted training load is 
evident in the reduction in Friday cortisol levels. These findings may suggest that 
appropriately planned training load prior to a match may help ensure reduced 




external load, which may add further insight into the Friday cortisol results.  
Additionally, a number of teams may only use GPS data to calculate training load data, 
instead of sRPE, which means it may not incorporate a player’s total training load, as 
only outdoor sessions can be collected. However, monitoring markers are specific to 
each team’s needs and coach’s preferences. For this reason, it would be important to 
conduct future studies collecting external load, to explore associations between the 
training load metrics and physiological stress (salivary cortisol).  
The results found in the current study, highlight the use of salivary cortisol (a marker 
of physiological stress) to help identify a player’s recovery status. This in turn, may 
help a coach to ensure cortisol levels do not stay elevated, which can have negative 
effects on performance, by appropriately planning training and ensuring sufficient 
recovery. However, a limitation of this current study was that baseline measures may 
have represented elevated salivary cortisol levels (heighten the stress response) due to 
collection in week 1 of training instead of the week before, where no training had taken 
place. This was because of the access to the elite players prior to pre-season. Future 
research should collect baseline measures the week prior to pre-season if possible to 
decrease the chance of any physiological stress from training. 
This research was conducted over a pre-season period, which may represent a different 
type of training compared with in-season. Furthermore, matches in the current study 
were not played weekly, which would be the case during the in-season. Future 
research, therefore, is needed to investigate seasonal variations in weekly salivary 
cortisol over an entire Rugby season, with a larger sample size (entire squad). This 
would allow further exploration of acute and chronic changes in physiological stress 
and association with training load. Furthermore, this would allow further examination 
of the effects of competitive matches on recovery, as the current study had only one 
competitive match, where all subjects played. In addition, as salivary cortisol is an 
expensive marker, further investigation is needed to examine the association between 








Salivary cortisol was found to have no association with training load; however, it may 
be a useful internal objective marker to suggest if players’ have recovered from the 
previous week of training or a match at the weekend. Fatigue is a complex process due 
to its multifactorial components (Thorpe et al., 2017a); this means recovery also has 
multiple elements. Therefore, by combining appropriately planned training load, 
regular monitoring of salivary cortisol, and subjective markers of recovery, may help 
ensure adequate recovery to optimise performance for training. Additionally, these 
monitoring markers of recovery may help coaches to plan appropriate sessions related 
to a player’s recovery status.  
3.7 Practical Application 
Salivary cortisol may be used as an objective marker of recovery at the beginning of 
the week to identify recovery from the previous week of training or match at the 
weekend. In addition, salivary cortisol may be used as a marker of preparation for a 
match, by highlighting decreased levels of physiological stress indicating sufficient 
recovery, which may help to optimise performance. Whilst salivary cortisol was found 
to be a useful marker of a player’s physiological stress status, it is recommended that 
a combination of subjective and objective markers of recovery, including training 
load, should be used to ensure all aspects of recovery, both physiological and 
psychological, are accounted for. The combination of markers will provide coaches 
with sufficient evidence to appropriately tailor training and recovery for the individual 
player to optimise performance. 
3.8 Link to Next Chapter 
The purpose of this chapter was to investigate the relationship between salivary 
cortisol, a marker of physiological stress, training load and subjective markers of 
recovery, in elite academy Rugby union players. The results from this chapter provide 
an insight into the use of an internal objective marker that may be used to indicate a 
player’s physiological stress response, to help determine their training status. It is 
important that a coach has a holistic view of a player’s training status to ensure 




Salivary cortisol provides data on a player’s physiological stress (recovery status). 
However, one single marker of recovery used in isolation is not sufficient to provide 
a comprehensive view of a player’s recovery status. To further expand on this study 
and provide a holistic view of a player’s training status, future research is required to 
investigate other objective markers that provide minimal disruption to a player’s 
training schedule or additional burden to a player. Therefore, the following chapter 
will explore the adductor squeeze strength test association with training load and 










Chapter 4- Study 2- The Relationship between Adductor 
Squeeze Strength, Subjective Markers of Recovery, and 
Training Load in Elite Academy Rugby Players 
 
Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2019). The 
relationship between adductor squeeze strength, subjective markers of recovery, and 
training load in elite Rugby players. The Journal of Strength and Conditioning 







Purpose: The adductor squeeze strength test has become a popular training 
monitoring marker, particularly in team sports. The aim of this study was to investigate 
the relationship between adductor squeeze strength scores, subjective markers of 
recovery, and training load in elite academy Rugby union players. Method: Nineteen 
elite academy male Rugby union players completed daily monitoring markers 
(adductor squeeze strength and 5 selected subjective markers of recovery), over a 10-
week pre-season training period. RPE was collected to determine training load (sRPE) 
and to calculate weekly training load. Spearman’s correlation was used to analyse the 
relationship between adductor squeeze strength scores, subjective markers of 
recovery, and weekly training load. Results: The results found that where adductor 
squeeze scores decreased, both perceived fatigue levels (r = -0.335; R2 = 11.2%; p 
<0.001) and muscle soreness (r = -0.277; R2 = 7.7%; p <0.001) increased. A weak 
correlation was found between Monday adductor squeeze strength scores and the 
previous weeks training load (r = -0.235; R2 = 5.5%; p <0.001), and Friday adductor 
squeeze strength scores and the same weeks training load (r = -0.211; R2 = 4.5%; p 
<0.05). Conclusion: These results show that adductor squeeze strength may provide 
coaches with a time-efficient, low‐cost objective monitoring marker. However, care 
should be taken when interpreting these results due to the weak associations and low 
shared variance (low R2 values). The results indicate the combination of adductor 
squeeze strength, with the subjective markers, perceived fatigue and muscle soreness, 
and appropriately planned training load, may help coaches to determine a player’s 






The adductor squeeze strength test is widely used as a marker to inform training 
prescription and to help reduce the risk of groin injuries in Rugby union (Coughlan et 
al., 2014), AFL (Crow et al., 2010), and Gaelic games (Delahunt et al., 2017). It is 
time-efficient, low-cost, and easily implemented as part of a normal training schedule 
(Roe et al., 2016b). Research has also found that adductor squeeze strength may be 
used as a marker of recovery following Rugby union matches (Roe et al., 2016b). Roe 
et al. (2016b) found that adductor squeeze strength scores decreased 24 hours after 
match (-0.7 ± 3%, effect size [ES] = -0.06 ± 0.25) and increased slightly 48 hours after 
the match (3.8 ± 1.9%, ES= 0.32 ± 0.16), compared with baseline data. Additionally, 
players who covered greater sprinting distances during a match exhibited a greater 
decline in adductor squeeze scores 48 hours after the match. Distance covered during 
a match may be classified as a component of on-feet training load (Colby et al., 2017). 
These results may help coaches indicate players who potentially need additional 
recovery, if adductor squeeze scores do not return to baseline 48 hours following a 
match. Buchheit et al. (2017) collected adductor squeeze strength scores before an 
AFL match and for the subsequent 4-day period following the match. It was found that 
an AFL match induced an 18% decrease in adductor squeeze scores, and players’ 
adductor squeeze scores did not recover to baseline levels until 4 days’ post-match. 
These results indicated that adductor squeeze strength scores may be used as an 
objective marker of adductor strength, which can highlight players who may not have 
fully recovered from an AFL match. However, these previous studies solely analysed 
the distance covered during a match (Buchheit et al., 2017; Roe et al., 2016b), and so 
further research is needed to explore all on‐feet training load (i.e. to include training 
sessions) as a component of training load.  
Another study by Buchheit et al. (2018), investigated adductor squeeze strength scores 
immediately following 3 conditioning sessions compared to pre-session scores, in 
soccer players. The results found that adductor squeeze strength scores decreased after 
a conditioning session, which the author concluded to be adductor muscle fatigue. A 
limitation of these studies (Buchheit et al., 2017; Buchheit et al., 2018; Roe et al., 
2016b) were the acute nature of the data collection. Both studies by Buchheit et al. 




and the study by Buchheit et al. (2018) collected data from 3 training sessions over a 
2-week period. Further research is needed to explore adductor squeeze strength scores 
over a longer training period that includes all training sessions and matches in Rugby 
union players. 
In addition to the dearth of longitudinal data, there is an absence of research examining 
the relationship between training load and adductor squeeze strength in Rugby union 
players (Esmaeili et al., 2018b; Roe et al., 2016b). Monitoring training load may help 
inform training recommendations, which may lead to better training outcomes, such 
as maximising training adaptations and reducing the risk of injuries and overtraining 
(Buchheit et al., 2013). RPE has been found to be a valid measure to identify a player’s 
exercise intensity; it has been compared with HR metrics such as the Edward’s TRIMP 
method in soccer players (Impellizzeri et al., 2004) and youth basketball players (Lupo 
et al., 2017). A study by Esmaeili et al. (2018b) investigated the relationship between 
internal training load and adductor squeeze strength scores over a 10-month AFL 
season. Adductor squeeze strength scores were collected once a week either on a 
Monday (pre-season) or on a Tuesday (in-season). The study found no relationship 
between internal training load (sRPE) and adductor squeeze strength scores 2 or 3 days 
following intense training (pre-season) or matches (in-season). A limitation to this 
study (Esmaeili et al., 2018b) was that adductor squeeze scores were collected weekly. 
A higher frequency of data collection may provide further information on fluctuations 
in adductor squeeze scores in response to training load. A study by Roe et al. (2016b) 
collected internal training load through sRPE but conducted no statistical analysis 
examining the association between training load and adductor squeeze strength scores. 
Further research is therefore needed to determine if there is a relationship between 
training load and adductor squeeze strength scores in elite Rugby union players. 
Previous research has investigated subjective markers (e.g., perceived fatigue, muscles 
soreness) as markers of a player’s recovery (Buchheit et al., 2013; Gallo et al., 2017; 
Govus et al., 2018). It was identified that subjective markers of recovery are sensitive 
to the player’s recovery status and may be used by coaches to understand players’ 
training needs to help optimise training (Buchheit et al., 2013; Gallo et al., 2017; 
Govus et al., 2018; Thorpe et al., 2016). The inclusion of both subjective and objective 
markers of recovery provides the coach with a holistic view of the player, to help make 




addition, objective markers provide data that are more difficult to alter, as subjective 
markers can be more easily manipulated to provide a desired outcome (Twist & 
Highton, 2013). However, to the authors’ knowledge, no study has been conducted 
investigating the relationship between adductor squeeze strength scores and subjective 
markers of recovery. 
In summary, adductor squeeze strength has been found to be an objective marker of 
recovery post-match (Buchheit et al., 2017; Roe et al., 2016b) and has been shown to 
have a relationship with groin injuries (Coughlan et al., 2014; Crow et al., 2010; 
Delahunt et al., 2017). There is limited research investigating the associations between 
adductor squeeze strength and training load, and no research has investigated the 
association between adductor squeeze strength and subjective markers of recovery. 
Therefore, the purpose of this study was to investigate if there was a relationship 
between adductor squeeze strength scores, subjective markers of recovery, and weekly 
training load, in elite Rugby union players. Additionally, the study sought to 
investigate the weekly variations of adductor squeeze strength across the 10-week 
training period, to evaluate any changes or trends over the pre-season period. 
4.3 Methods 
4.3.1 Design 
Over a 10-week pre-season training period, players provided both selected subjective 
markers of recovery and adductor squeeze strength scores, before beginning their 
normal training. RPE was taken after every session and match to calculate weekly 
training load from sRPE. Players were familiar with all testing protocols as a result of 
previous years of monitoring (3–5 years). All testing took place in the training 
facilities of the club to ensure minimal disruption to the players’ normal training 
schedule. The lead researcher (C.T.) was present at every training session and 
supervised all data collection to ensure that the players performed the tests correctly. 
Baseline data collection was completed during week 1 of pre-season, and a download 
(recovery week, where lower training loads were prescribed) was completed in week 






Figure 7. Training and match schedule over the 10-week pre-season period. 
 
4.3.2 Subjects 
Nineteen elite academy male Rugby union players volunteered to take part in the study 
(mean ± SD, age, 19.7 ± 1.1 years; height, 184.5 ± 7.7 cm; body mass, 96.2 ± 12.5 
kg). All players were academy contracted and trained full time with academy and/or 
senior squad. Training was typically 4–5 days a week, with multiple sessions a day. 
Sessions included Rugby pitch-based sessions (e.g., skills, conditioned games), 
gym/resistance sessions, conditioning sessions, and matches (Figure 7 provides the 
match schedule). All players were informed of the study requirements (Appendix 1) 
and provided written informed consent (Appendix 2). The study was approved by the 
University Research Ethics Committee, and all procedures were in accordance with 
the Declaration of Helsinki (World Medical Association, 2013). 
4.3.3 Procedures 
Both adductor squeeze strength scores and subjective markers of recovery were 
recorded in the morning before the first training session on a mobile phone app, 
installed on the players’ phones. The players inputted the data into the app, which was 
immediately sent to a database and subsequently checked by the coach and lead 
researcher (C.T.) to ensure that data were inputted correctly. These variables, adductor 
squeeze strength scores, and subjective markers of recovery were collected on a 
Monday, Tuesday, Thursday, and Friday as these were in accordance with the players’ 





4.3.3.1 Adductor Squeeze Strength Test 
During testing, each player lay supine on the ground with hips kept in a neutral 
position, knees flexed at 90°, and hips flexed at 45° (Figure 8) (Delahunt et al., 2011a; 
Delahunt et al., 2011b; Lovell et al., 2012). Hip flexion at 45° has been found to be 
the optimal position for maximal adductor activation and force (Delahunt et al., 2011a; 
Delahunt et al., 2011b; Lovell et al., 2012). The sphygmomanometer (Durashock DS-
65; Welch Allyn, New York, NY, USA) was pre-inflated to 10 mmHg (Nevin & 
Delahunt, 2014). The cuff of the sphygmomanometer was placed between the player’s 
knees with the middle third of the cuff located at the most prominent point of the 
medial femoral condyles (Figure 8). These positions were verified visually by the lead 
researcher (C.T.) for each player, following previously published protocols (Delahunt 
et al., 2011a; Delahunt et al., 2011b; Lovell et al., 2012). The player was instructed to 
gradually squeeze the cuff as hard as they could and hold for 2–3 seconds, and the 
highest reading was recorded under the supervision of the researcher (C.T.) (Delahunt 
et al., 2011b). One maximal adductor squeeze test was performed because of time 
constraints. However, each player had experience and knowledge of performing these 
monitoring tests throughout their academy years. The adductor squeeze has been 
found to be a valid and reliable tool for assessing adductor strength scores in team 
sports (Buchheit et al., 2017; Delahunt et al., 2011b; Roe et al., 2016b). The 
sphygmomanometer has been validated (r = 0.77–0.91) against a HHD (Toohey et al., 

















Figure 8. Adductor squeeze strength test, subject supine on the ground with knees 
flexed at 90˚ and 45˚ of hip flexion. 
 
4.3.3.2 Subjective Markers of Recovery 
The subjective markers of recovery included perceived fatigue, muscle soreness, 
energy levels, physical recovery, and stress levels. These were completed on a Likert 
scale 1–10 (Halson et al., 2008; Montgomery & Hopkins, 2013). For muscle soreness, 
fatigue, and stress levels, 1= not sore/stressed/fatigued and 10 = very sore/ 
stressed/fatigued. For physical recovery and energy, 1= full of energy/recovered and 
10 = no energy/not recovered. Subjective markers have been found to be reliable 
(Montgomery & Hopkins, 2013) and valid (Gallo et al., 2017) markers of recovery. 
4.3.3.3 Training Load 
RPE was recorded after every training session or match to subjectively measure the 
player’s perceived exercise intensity (Lovell et al., 2013) using the modified Borg’s 
0–10 scale (Borg et al., 1985). RPE has been found to be a valid and reliable 
monitoring marker of training or exercise intensity (Lovell et al., 2013). Training load 
for each session was calculated by RPE x duration of session (minutes) (i.e., sRPE) 
(Foster et al., 2001). Each session’s training and match load data were added together 
to provide total weekly training load data. Total training load included all sessions 






4.3.3.4 On-feet Training Load 
On-feet training load is a subcategory of training load and includes the following 
training components: running, skills, pitch-based sessions, speed and plyometric 
sessions. Gym and off-feet conditioning sessions (e.g., bike, swim, and rowing) were 
not included in the on-feet training load sessions but still included in total weekly 
training load (Dalton-Barron et al., 2018). On-feet training load was chosen in the 
current study because previous research has found that players with a greater running 
distance (a component of on-feet training load (Colby et al., 2017)) covered during a 
match had a greater decline in adductor squeeze strength scores (Buchheit et al., 2017; 
Roe et al., 2016b). 
4.3.4 Statistical Analysis 
Descriptive statistics were calculated using SPSS software (version 22; IBM, Chicago, 
IL, USA) for all variables. Non-parametric analysis was used because data were not 
normally distributed. Normality of data were analysed using the Shapiro-Wilk test. 
Spearman’s correlation was used to investigate if there was a relationship between 
adductor squeeze strength scores, subjective markers of recovery, and weekly training 
load. Monday adductor squeeze strength scores were compared with the previous 
week’s training load, and Friday adductor squeeze strength scores were compared with 
the same weeks training load. The strength of the interpretation for Spearman’s 
correlation was 0–0.3= weak correlation, 0.3–0.7= moderate correlation, and 0.7–1.0= 
strong correlation (Ratner, 2009). Significance was set at p ≤0.05. 
For clarity, the data in this study were stacked (pooled). A concern using this approach 
was that it did not take into account the repeated measures for each player. However, 
to conduct within subject correlation in SPSS, separate parallel lines would have been 
required for each player for each day and week (~4 days a week, 10 weeks) of the pre-
season period, and a separate correlation would have need to be conducted for each 
variable in association with adductor squeeze strength. This means the correlation 
matrix would be 40 x 40 for each variable (e.g. adductor squeeze strength and fatigue, 
then adductor squeeze and muscle soreness). Furthermore, a between subjects 
correlation was conducted. However, this method created a mean for each variable for 




weeks) per player compared to the mean fatigue score across the 10 weeks. This meant 
there were only 19 observations. The r-values from the between subject correlation 
were higher than the currently reported values, and the authors thought it may be 
misleading to present these values. 
MLwin (version 2.36; Centre for Multilevel Modelling, University of Bristol, Bristol, 
England) was used to analyse the weekly variance of adductor squeeze scores, 
subjective markers of recovery, and training load data, compared with baseline (week 




4.4.1 Subjective Markers of Recovery and Adductor Squeeze Strength 
A moderate negative relationship was found between adductor squeeze strength scores 
and the subjective marker of perceived fatigue (r = -0.335; R2= 11.2%; p <0.001), and 
a weak negative relationship was found with muscle soreness (r = -0.277; R2= 7.7%; 
p <0.001) (Table 9). 
 
Table 9. Relationship between adductor strength squeeze scores and subjective 
markers of recovery. 
 
  

















-0.335** -0.277** 0.097* -0.072 0.048 
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4.4.2 Training Load and Adductor Squeeze Strength 
A weak negative correlation was found between Monday adductor squeeze strength 
scores and the previous week’s training load (r = -0.235; R2= 5.5%; p <0.05), and 
Friday adductor squeeze strength scores and the same weeks training load (r = -0.211; 
R2= 4.5%; p <0.05) (Table 10). Additionally, a weak negative correlation was found 
between Monday adductor squeeze strength scores and on-feet training load of the 
previous week’s training (r = -0.224; R2= 5%; p <0.001), and Friday adductor squeeze 
strength scores and the same weeks on-feet training load (r = -0.271; R2= 7.3%; p 
<0.001) (Table 10). 
 


















-0.235** -0.211* -0.224** -0.271** 
R
2 5.5% 4.5% 5% 7.3% 
Significance (p-
value) 
0.002 0.012 0.004 0.001 
 
 Tl= Training load. *p ≤0.05= significant, ** p ≤0.001= highly significant. 
 
 
Figures 9 and 10 show the weekly analysis of adductor squeeze strength scores, muscle 
soreness, and perceived fatigue. Training load and on-feet training load are shown in 
Figure 11. All weekly results were compared with week 1 (baseline), which was the 






Figure 9. Adductor squeeze strength scores (weekly mean ± SD), over the pre-season 
training period.  
*p ≤0.05 – significant difference to baseline (week 1), ** p ≤0.001 - highly significant 
difference to baseline (week 1). 
 
 
Figure 10. Perceived fatigue and muscle soreness (weekly mean ± SD), over the 10-
week pre-season training period. *p ≤0.05 - significant difference to baseline (week 
1), ** p ≤0.001 - highly significant difference to baseline (week 1) 



































































Figure 11. Weekly means ± SD for (A) training load and (B) on-feet training load, 
over the pre-season training period, compared to baseline. 
 
** p ≤0.001 – highly significant difference to baseline (week 1). 
 
4.5 Discussion 
This is the first study to track adductor squeeze strength over a pre-season training 
period and investigate its association to subjective markers of recovery and weekly 
training load in elite academy Rugby union players. The results found that as weekly 
training load and on-feet training load increased, both Monday and Friday adductor 
squeeze scores decreased. Monday adductor squeeze strength scores were compared 
with the previous week’s training and Friday adductor squeeze strength scores were 
compared with the same weeks training. Additionally, it was found as players’ 
perceived fatigue and muscle soreness increased, adductor squeeze strength scores 
decreased. However, results should be interpreted with an element of caution because 




The results indicated that there was an association between adductor squeeze strength 
scores and weekly training load (i.e., where training load increased, adductor squeeze 
scores decreased). To the authors’ knowledge, only one previous study has analysed 
the relationship between training load and adductor squeeze strength (Esmaeili et al., 
2018b). It was found that adductor squeeze scores did not correlate with internal 
training load, which contradicts the findings in the current study. A possible 
explanation for the difference in findings may be the higher frequency of data 
collection in the current study compared with just 1-day a week of data collection in 
the study by Esmaeili et al. (2018b). The benefit of multiple testing times points during 
a week may provide a better representation of variability across weekly sessions, 
whereas weekly scores only captures 1 day of the training week.  
The weak correlation found in the current study must be highlighted, and a potential 
reason for this may be that the data from the current study were provided to the 
coaches. This meant that the coaches could use the results, if they felt necessary, to 
understand the players’ training status and alter training load. This in turn may have 
helped to ensure sufficient recovery, and optimise training adaptations. Furthermore, 
low shared variance was found in the current study. This is an important consideration 
for coaches, practitioners and players, as it means that other variables may affect 
adductor squeeze strength. These could include age, decreased range of motion, and 
past injury (Lovell et al., 2012).  
Adductor squeeze strength scores were also found to decrease with an increase in on-
feet training load. This is also depicted in the weekly analysis (Figures 9 and 11B), 
where on-feet training load significantly increased in weeks 2, 5–10, compared with 
baseline and adductor squeeze strength also significantly decreased. Roe et al. (2016b) 
found that a greater decrease in adductor squeeze strength scores post-match occurred 
when a greater distance was covered during a Rugby match. As on-feet training load 
includes running and pitch-based sessions (Dalton-Barron et al., 2018), this implies 
that a greater running distance may mean a greater on-feet training load (Colby et al., 
2017). Similarly, Buchheit et al. (2017) also indicated that the larger decrease in 
adductor squeeze scores after an AFL match compared to pre-match levels was 
because of the greater running demands. However, it is difficult to compare across 




training load. The results from the current study may provide coaches with an 
objective marker that is associated with the change in on-feet training load.  
This is the first study to find a relationship between adductor squeeze strength scores 
and the subjective markers, perceived fatigue and muscle soreness. These findings 
suggest that if a player felt more sore or fatigued, adductor squeeze strength scores 
were found to be lower. Previous research has principally investigated subjective 
markers of recovery (Buchheit et al., 2013; Gallo et al., 2017; Govus et al., 2018; 
Thorpe et al., 2016) or adductor squeeze strength as a marker of recovery (Buchheit et 
al., 2017; Roe et al., 2016b), but not the relationship between them. The previous 
research found that subjective markers of recovery could be used to help coaches make 
informed decisions on a player’s training ability and to optimise their training 
adaptations (Buchheit et al., 2013; Gallo et al., 2017; Govus et al., 2018; Thorpe et al., 
2016; Thorpe et al., 2017b). Additionally, previous work has shown that adductor 
squeeze strength could be used as a marker of match recovery in AFL (Buchheit et al., 
2017) and Rugby union (Roe et al., 2016b). Perceived fatigue and muscle soreness in 
the current study correlated with adductor squeeze strength scores but interestingly 
physical recovery did not. It would be expected that physical recovery would also 
decrease as perceived fatigue and muscles soreness decreased, however this was not 
the case. Further research over a complete season, would be required to understand 
why this might be the case. The remaining subjective markers of recovery, energy 
levels and stress levels were not found to associate with adductor squeeze strength. It 
must be highlighted that perception of effort (Marcora, 2009) may have been a reason 
for the association between the reduction in adductor squeeze strength scores and 
increased perceived fatigue. As adductor squeeze strength is an effort-based test, a 
player who perceives themselves to be more fatigued may put less effort into the test. 
However, as this was the first study to investigate the relationship between subjective 
markers of recovery and adductor squeeze strength scores, further research is required 
to explore this relationship and the perception of effort. 
A limitation to the study was data were collected during a pre-season period and not 
during in-season. In addition, no external load data, such as GPS, were collected which 
may provide further external load metrics, such as distance covered each session. . 
Internal training load (sRPE) both total and on-feet, in the current study were found to 




external load metrics, found greater sprinting distances covered during a match 
exhibited a greater decline in adductor squeeze scores. However, this study (Roe et 
al., 2016b) solely collected match data, no training session load data were collected, 
which is required to provide a player’s total training load. Therefore, further research 
could explore external load association to adductor squeeze strength, which includes 
all training session and matches. Therefore, further research is needed over an entire 
Rugby season, with a larger sample size, to further investigate the relationship between 
adductor squeeze strength, subjective markers of recovery, training load, and on-feet 
training load. Furthermore, due to the low R2 values, future research should also 
investigate other variables that may contribute to adductor squeeze strength scores 
(e.g. previous injury, motivation). Additionally, the current data analysed in SPSS 
were pooled, which did not account for the within individuals variability. Therefore, 
future research should consider conducting repeated measures correlation analysis 
(Bakdash & Marusich, 2017). This is a statistical technique for determining within-
individual association for paired measures assessed on two or more occasions across 
multiple individuals (Bakdash & Marusich, 2017). Therefore, it would provide within 
subject analysis and reduce the assumption of independence. Furthermore, repeated 
measures correlation normally has greater statistical power because neither averaging 
nor aggregation is necessary for an intra-individual analysis (Bakdash & Marusich, 
2017). 
4.6 Conclusion 
The results indicate that adductor squeeze strength scores were associated with 
changes in training load, while also correlating with the subjective markers perceived 
fatigue and muscle soreness. It should be noted that a moderate association was found 
between adductor squeeze strength and perceived fatigue, and a weak association was 
found between adductor squeeze strength, training load and muscles soreness. 
Additionally, a low shared variance was found. Therefore, coaches and practitioners 
should use caution when interpreting the results of their players, as other variables 
may affect the adductor squeeze strength scores. However, these results highlight the 
importance that coaches should use a variety of monitoring markers, objective 




combination with training load to optimise training adaptations and to ensure 
sufficient recovery. 
4.7 Practical Application 
The results may help coaches to make informed decisions on a player’s training status, 
to help optimise training, recovery and performance. However, the results from the 
current study should be interpreted with a degree of caution because of the weak 
correlations and low shared variance. Coaches and players should be aware that other 
factors (e.g. age, motivation, previous injuries) may affect adductor squeeze strength 
scores. With this caution in mind, the coach may use the selected subjective markers 
of recovery (perceived fatigue and muscle soreness) in combination with adductor 
squeeze strength to provide a global and holistic view of the player’s response to 
training, to help appropriately plan training load. 
4.8 Link to Next Chapter 
Both study 1 (chapter 3) and study 2 (chapter 4) provide an applied and practical 
insight into the use of objective markers of a player’s training response, which is 
essential for a coach to help appropriately plan training. Salivary cortisol may be used 
as an objective marker of a player’s recovery status, while adductor squeeze strength 
was found to associate with perceived fatigue, muscles soreness and training load. 
However, no associations were found between salivary cortisol and training load 
(study 2). Even though objective markers may not always associate with weekly 
training load, they still provide a specific aspect of a player’s training/recovery status. 
Training load provides detail on the quantity of load that players are exposed to, which 
is a different component of a player’s training status. It has also been found to associate 
with injuries and illness. Injury is one of the most common causes of a player missing 
training and/or competition. Further longitudinal research over an entire season that 
incorporates rolling weekly training load data, is required to investigate the association 
between training load and the injury risk of a player. The benefit of longitudinal 
research is it may provide an opportunity to explore possible trends and patterns over 
a season for each player, which means data can be analysed within subjects over an 
entire season. This may help coaches appropriately plan training to try and reduce the 




number of training load indices and contact and non-contact injuries in elite soccer 
players. Soccer players were used for the following study to ensure longitudinal 














Chapter 5- Study 3- Seasonal Associations between 
Training Load Indices and Injuries in Elite Soccer Players 
 
Tiernan, C., Comyns, T., Lyons, M., Nevill, A. and Warrington, G. (2020). The 
association between training load indices and injury in elite soccer players. The 






Purpose: To investigate the association between contact injuries, non-contact injuries 
and training load indices, across different lag periods in elite soccer players. Methods: 
Internal load (sRPE) was collected from 15 elite soccer players over one-season (40 
weeks). Acute (7 days), chronic (28 days), ACWR (uncoupled), EWMA ACWR, and 
2-, 3- and 4-week cumulative load were calculated on a rolling weekly basis. 
Multilevel logistic regression was used to analyse the associations between contact, 
non-contact injuries and training load indices, across different lag periods (5 and 7 
days). Results: A player was at a significantly higher risk of a non-contact injury 5 
days’ later, if week-to-week acute load changes increased by 1-unit (1000 arbitrary 
units) (Odds Ratio, OR=1.97). An increase in EWMA ACWR (1-unit (0.1) over 0.97) 
was associated with an increased risk of both a contact (OR=1.30) and non-contact 
injury (OR=1.35), 5 days’ later. An increase in 2-week cumulative load (OR=1.77) 
was associated with an increased risk of a contact injury 7 days’ later, and 3-week 
cumulative load (OR=1.55) 5 days’ later. Conclusion: These findings suggest that in 
order to reduce the potential risk of a non-contact injury, training load should be 
gradually increased avoiding an increase in week-to-week acute load change (≥9%) or 
EWMA ACWR (>1.20). Findings indicated that EWMA ACWR may be a more 
sensitive measure for detecting a player at a higher risk of an injury than ACWR. 
Furthermore, a high 2- and 3-week cumulative load was associated with an increased 
risk of a contact injury, which may indicate accumulated fatigue. Practitioners must 







Injuries are the most common reason for player unavailability from training and 
competitions in soccer (Parry & Drust, 2006), which can have a considerable impact 
on a team’s performance (Jones et al., 2017). Training load is widely used to manage 
fatigue, reduce the risk of injuries and optimise training adaptations (Drew & Finch, 
2016). Training load data can be quantified from internal and/or external measures. 
Internal load is a player’s physiological and/or psychological response to an external 
load and can be measured by RPE (Gabbett, 2016), which is a valid and reliable 
internal measure of a player’s exercise intensity (Lovell et al., 2013). External load is 
the objective physical load applied to the athlete, which can be measured through GPS 
metrics (e.g. maximum speed or total distance covered during training or a match) 
(Gabbett, 2016). 
sRPE (RPE x session duration) is widely used in team sports, due to its relative ease 
of implementation (Jones et al., 2017). A number of derivative measures can be 
calculated from sRPE (Table 2), such as acute load (sum of 7 days training load) and 
chronic load (average of the previous 28 days training load) (Lolli et al., 2017). These 
training load indices (acute and chronic) can subsequently be used to calculate the 
ACWR, which indicates whether the acute load is greater, less or equal to the 
preceding chronic load (Hulin et al., 2016). To examine ACWR accurately, the 
uncoupled calculation should be used; this means the current week of training (acute) 
is not included in the chronic load (Figure 3). A recent study by Murray et al. (2017) 
suggested that EWMA ACWR may be a more sensitive measure for identifying the 
likelihood of a non-contact injury than ACWR, in AFL players, and in team sports 
(e.g. Rugby, soccer, cricket, hockey, basketball) (Griffin et al., 2019). This may be 
due to EWMA ACWR putting a greater emphasis on the most recent training load by 
giving it more weighting, and a decreased weighting to the older training load (Murray 
et al., 2017; Williams et al., 2017b), whereas the ACWR calculates all training loads 
as equal (Murray et al., 2017). 
Previous research has found that a rise in acute load increased the risk of injury (Cross 
et al., 2016; Malone et al., 2017; Rogalski et al., 2013), and a high ACWR was also 
found to associate with an increased risk of injury in the subsequent week in cricket 




2017; Fanchini et al., 2018). Furthermore, a high EWMA ACWR and a low chronic 
load was found to associate with an increased injury risk in AFL players (Sampson et 
al., 2018), while a high 2- and 3-week cumulative load were found to associate with 
an increased risk of injury in soccer (Jaspers et al., 2018; Malone et al., 2017). A 
limitation in a number of these previous studies (Bowen et al., 2017; Hulin et al., 2014; 
Jaspers et al., 2018) was that training load data were analysed in weekly blocks (e.g. 
Monday-Sunday), instead of rolling weekly data. Rolling weekly means data can be 
analysed from the exact injury day (Table 4) rather than a specific week, where an 
injury may have occurred at the beginning or end of the training week and thus, 
omitting training load data. Another limitation of previous research was sRPE for only 
outdoor sessions (i.e. field sessions and matches) combined with GPS data were 
collected (Bowen et al., 2017). Additionally, in Sampson et al. (2018) and Murray et 
al. (2017) studies, only GPS data were collected, no internal load (sRPE) or indoor 
training load data were collected, i.e. solely outdoor data. This is problematic as the 
load data did not include all training sessions, therefore total training load data and 
calculations (e.g. EWMA ACWR, cumulative load) were underestimated. Training 
load data should encompass all training sessions and matches to ensure a player’s total 
training load is collected and accounted for in the analysis (Colby et al., 2017; Dalton-
Barron et al., 2018; Hulin et al., 2014). The load should also include all non-training 
load days, i.e. training load= 0 (Esmaeili et al., 2018a). 
Lag period has been defined as the time between the dose (training load) and response 
(onset of injury) (Drew & Finch, 2016). The lag period is important for coaches, as it 
may provide them with an early window of opportunity to adjust training load in order 
to help reduce the risk of injury (Jones et al., 2017); i.e. the lag period provides an 
opportunity for a coach to periodise training to prospectively avoid training loads that 
may place a player at a higher risk of injury post-lag period. There is a dearth of 
research investigating the lag time between training load indices and contact and non-
contact injuries (Drew & Finch, 2016; Griffin et al., 2019; Jones et al., 2017). To the 
authors’ knowledge, no study has conducted lag analysis with rolling weekly training 
load data in soccer players for contact or non-contact injuries. This consequently is a 
reason for the current study exploring the association between training load indices 
and injuries. Previous research has analysed the association between non-contact 




college football players, over a 17-week season (Sampson et al., 2018). Additionally, 
Carey et al. (2017) also analysed rolling weekly training load data with AFL players, 
over 2 seasons. The study was investigating the likelihood of a non-contact injury and 
the possible delayed effects in injury occurrence (i.e. lag period) following a match at 
2- and 5-days. However, these studies did not include all training load data, instead 
just outdoor sessions were included. Therefore, the total training load completed 
during a week was not analysed. Additionally, other studies analysed weekly blocks 
(Colby et al., 2017; Cross et al., 2016; Hulin et al., 2014; Malone et al., 2017), rather 
than rolling weekly training load data. This means the analysis of the lag period could 
only be the subsequent week (7 days) (Colby et al., 2017; Cross et al., 2016; Hulin et 
al., 2014; Malone et al., 2017). These limitations may mean important injury or 
training load data were excluded, due to the lag period not being analysed with rolling 
weekly data. Therefore, further research is required to investigate the lag period at set 
days prior to a potential injury (contact and non-contact) in soccer players. 
Currently, there is a lack of research analysing the association between contact injuries 
and training load indices (Bowen et al., 2017; Gabbett & Jenkins, 2011). Previous 
research has found that acute training load was associated with a higher risk of contact 
injuries in Rugby league (Gabbett & Jenkins, 2011), and soccer players, if acute load 
was ≥ 648 AU, over 2 seasons (Bowen et al., 2017). Acute load was calculated as the 
sum of the week’s total training load (Monday-Sunday) from outdoor sessions and 
classified as the total forces on the player over the entire session based on GPS 
accelerometer data alone (Bowen et al., 2017). As Bowen et al. (2017) study collected 
GPS data, this meant indoor training sessions were excluded from the calculations. 
Additionally, no lag period was explored in either study (Bowen et al., 2017; Gabbett 
& Jenkins, 2011). Further research is required due to limited studies investigating the 
association between rolling weekly training load indices and contact and non-contact 
injuries in soccer (Bowen et al., 2017; Jaspers et al., 2018; Malone et al., 2017). 
Therefore, the aim of this study was to investigate the association between contact and 
non-contact injuries and rolling weekly training load indices, across different lag 








Testing took place over a full soccer season (January- November 2018, 43 weeks). 
The playing season comprised of 47 matches, including a 1-week break in-season. 
Each player completed a 1-week familiarisation period, and attended verbal anchoring 
workshops (Gearhart Jr, 2008; Lamb et al., 2004) at the beginning of pre-season. Data 
(i.e. training and injury information) were recorded daily for each player. The first 3 
weeks of pre-season were not included in the injury analysis due to training load 
calculations (e.g. cumulative load), thus over the 40-week period, there were 280 data 
points per player. 
5.3.2 Subjects 
Thirty male elite soccer players volunteered to take part in the study (mean ± SD, age 
23.4 ± 4.8 years, height 180.8 ± 5.8 cm, body mass 77.1 ± 5.1 kg). All players were 
contracted and played for the senior first team, competing in the Premier League of 
Ireland. A typical training week consisted of 4 team training days and a match. 
Sessions included fitness conditioning, gym/resistance, skills and conditioned games. 
All players were informed of the study requirements (Appendix 1) and provided 
written informed consent (Appendix 2). The study was approved by the University 
Research Ethics Committee. 
To ensure full data sets across the season in the current study, a number of players 
were excluded from the final data analysis due to incomplete sets. These exclusions 
included long-term injuries, players transferring to different clubs and player 
unavailability due to club financial status. This meant a total of 15 players were 
included in the final analysis, which represented players where full data sets were 
collected across the entire season.  
5.3.3 Procedures 
The familiarisation period, during the first week of pre-season, included 3 separate 
education sessions by the lead researcher (C.T.) on the RPE scale. The players also 
completed a yo-yo intermittent test, as this is a maximal test, to help anchor the top 




after each player inputted their RPE scores post training session, the lead researcher 
(C.T.) would privately check with the athletes that they fully understood why they 
gave that session a specific score on the RPE scale. The purpose was to ensure players 
were able to accurately provide RPE values. 
5.3.3.1 Training Load 
sRPE was calculated by RPE x session duration (minutes) using the modified Borg’s 
0-10 scale (Foster et al., 2001), and was collected after every individual or team 
training session and match. sRPE was recorded on a specifically designed mobile 
phone app (Appendix 5), installed on the players’ phone, to avoid external influences 
(Scantlebury et al., 2018). For the team sessions, each player’s session duration and 
the type of session was recorded by the coach. If players completed individual 
sessions, they recorded the type of session and session duration through the app. If 
multiple sessions were completed in a day, the sRPE loads were summed at the end of 
the day to give a daily load (AU) (Williams et al., 2017a). Recovery days were noted 
as 0 (Esmaeili et al., 2018a). All training load indices were derived from sRPE and 
can be seen in Table 2. RPE has been found to be a reliable (Lovell et al., 2013) and 
valid method to subjectively measure the player’s exercise intensity in soccer 
(Impellizzeri et al., 2004).  
Due to the calculation of a number of training load indices (i.e. cumulative 
load/chronic load), the first 3 weeks of pre-season were not included in the injury 
analysis. No injuries occurred during this period. 
5.3.3.2 Injuries  
An injury was defined as a ‘time loss’ injury, where a player was unable to fully 
participate in training or a match (Fuller et al., 2006). All injuries were recorded by 
the team’s qualified physiotherapist or physical therapist under the soccer injury 
consensus statement (Fuller et al., 2006). These headings included, date of incident, 
where it occurred (e.g. training or match), type of surface, contact or non-contact, 
overuse or sudden, body part, type of injury, injury duration and return to play date. 
A contact injury was classified as an injury that occurred as a result of physical contact 




2011; Gilchrist et al., 2008). This included, collision with another player, tackle, 
moving object (ball), static object (goal post) and violation of rules (tackle) (Fuller et 
al., 2006). A non-contact injury was classified as an injury sustained without any 
extrinsic contact with another player or object on the field (Gilchrist et al., 2008). 
5.3.4 Statistical Analysis 
All statistical analyses were conducted using MLwin software (version 3.01) and 
descriptive statistics were calculated for all variables, and assumptions for parametric 
analysis were explored. Odds Ratio (OR) and 95% Confidence Intervals (CI) and 
probability of an injury were calculated (Sampson et al., 2018). All training load 
indices were scaled by the units shown in Table 2. Where an OR was >1, an increased 
odds of injury was reported, and where an OR was <1 a decreased odds of injury was 
reported (Rogalski et al., 2013). To examine the probability of an injury, the following 
criteria was used to provide descriptive figures (Figure 12 and 13) using a quadratic 
polynomial analysis from MLwin, <0.005 most unlikely; 0.005–0.05 very unlikely; 
0.05–0.25 unlikely; 0.25–0.75 possible; 0.75–0.95 likely; 0.95–0.995 very likely; 
>0.995 most likely (Batterham & Hopkins, 2006). The unit increase values presented 
in the current study were the mean values of all players training load indices, whether 
they were injured or not injured. This was important, as the analysis conducted was to 
explore associations with injury risk and not injury prediction. Significance levels 
were set at p ≤0.05. 
Multilevel binary logistic regression was used to analyse the data, level 1 (days) and 
level 2 (players). A player was coded as 1 = injured (contact or non-contact) or 0= no 
injury. All data were included in the analyses, whether a player was injured or not. 
Both contact and non-contact injuries were analysed as the dependent variables, and 
the training load indices were predictor variables. All the predictor variables were 
analysed in separate models.  
Lag period was analysed as a sequential assessment (1 to 7-days). Lag period was 
calculated for every training load variable by moving each variable back day-by-day 
(1 to 7-days). Each training load day data were moved up to align with the following 
day’s injury status. For example, 1-day lag = training load data on day 8 compared to 
injury status on day 10 (injury status= injured or not), 2-day lag = training load data 




the current study was classified as at least 24 hours preceding an injury (Table 4). This 
was to ensure there was a 1-day (24-hour) lag period before the potential injury, as 
daily training load data were summed at the end of each day. For the purposes of this 
study and consistent with previous research (Carey et al., 2017; Sampson et al., 2018), 
lag period was presented at 5 days (Carey et al., 2017) and 7 days (Sampson et al., 
2018) prior to an injury (contact or non-contact), using rolling weekly training load 
data. A 7-day lag represented a period of training including a match, while a 5-day lag 
period represented a typical training week, thus providing enough time for a coach to 
alter training if required. 
Multilevel logistic regression was used as it allowed within subject analysis for each 
player across 40 weeks. Due to the repeated measures, this resulted in 280 observations 
per player. This analytical (multilevel) approach reduced the independent observation 
assumption, thus allowing within subject comparisons. This provided the opportunity 
to analyse within player changes over time, which is fundamentally important in the 
context of this research, as each player is individual and will react/respond differently 
to the same training.  
5.4 Results 
Over the 40-week period (280 observations per player), 35 injuries were recorded from 
the 15 players included in the study, 21 were non-contact and 14 were contact injuries, 
indicating a player would typically have 1.4 non-contact injuries and 0.6 contact 
injuries over the course of the season. Of these 35 injuries, 26 occurred during a match 
(14 non-contact and 12 contact injuries), and 9 occurred during training (7 non-contact 
and 2 contact injuries). The match injury incidence rates were 34 injuries per 1000 
playing hours, approximately one injury per player every 20 matches. The time-loss 
of a non-contact injury ranged from 1 to 70 days (average of 14 days) and for contact 
injuries ranging from 1 to 35 days (average of 8 days). 
5.4.1 Non-contact Injuries 
The logistic regression found a significant association 5 days prior to a non-contact 
injury with week-to-week acute load change (OR=1.97, 95% CI= 0.085-1.276, 
p=0.025) (Table 11). Additionally, a significant association was found 5 days prior to 




p=0.003) (Table 11). Where week-to-week acute load change increased by 1-unit 
(1000 AU), 5 days’ later a player was at a 68% increased risk of a non-contact injury. 
Where ACWR increased by 0.1, over 1.0 (e.g. ACWR increased from 1.1 to 1.2), a 
player was at a 13% increased risk of a non-contact injury, 5 days’ later. 
No association was found between any of the training load indices 7 days prior to a 
non-contact injury (Table 11). Figure 12 shows the probability of sustaining a non-




































Beta -5.248 0.032 0.020 -0.965 0.680 0.128 0.298 -0.179 -0.137 -0.135 
SE 0.219 0.085 0.035 0.487 0.304 0.042 0.085 0.207 0.154 0.122 
Low 95% CI -5.678 -0.135 -0.050 -1.920 0.085 0.045 0.131 -0.585 -0.438 -0.373 
High 95% CI -4.818 0.199 0.089 -0.011 1.276 0.211 0.464 0.227 0.164 0.104 
z-score -23.916 0.376 0.559 -1.982 2.237 3.015 3.494 -0.865 -0.890 -1.107 
P-value <0.05 0.708 0.577 0.047* 0.025* 0.003* <0.001** 0.388 0.372 0.269 


























SE 0.220 0.091 0.034 0.306 0.489 0.046 0.081 0.206 0.154 0.122 
Low 95% CI -5.672 -0.206 -0.086 -0.255 -1.879 -0.023 -0.098 -0.697 -0.479 -0.452 
High 95% CI -4.812 0.150 0.049 0.946 0.040 0.159 0.221 0.109 0.124 0.026 
z-score -23.880 -0.307 -0.535 1.127 -1.879 1.467 0.755 -1.427 -1.156 -1.746 
P-value <0.05 0.759 0.592 0.260 0.060 0.142 0.451 0.153 0.248 0.080 
OR Exp(B)  0.972 0.982 1.412 0.399 1.070 1.063 0.745 0.837 0.808 
 







Figure 12. Probability of injury risk and CI (95%) associated training load indices with 















































































































Week-to-week acute load changes (AU)

























































5.4.2 Contact Injuries 
For contact injuries, if 2-week cumulative load increased by 1-unit (1000 AU), over 
3134 AU (e.g. increased from 3134 to 4134) a player was at a 57% increased risk 
(OR=1.77, 95% CI= 0.019-1.127, p=0.043) of a contact injury 7 days’ later (Table 
12). Additionally, where 3-week cumulative load increased by 1-unit (1000 AU), over 
4700 AU (e.g. increased from 4700 to 5700), this significantly increased the risk 
(OR=1.55, 95% CI= 0.044-0.836, p=0.030) of a contact injury by 44%, 5 days’ later. 
Furthermore, an increase (1-unit (0.1) over 0.97) in EWMA ACWR was associated 
with both an increased risk (26%) (OR=1.30, 95% CI=0.056-0.464, p=0.013) of 
sustaining a contact injury (Table 12) and a 30% increased risk of a non-contact injury 
(OR=1.35, 95% CI=0.131-0.464, p <0.001), 5 days’ later (Table 11).  
Figure 13 shows the probability of sustaining a contact injury for 2-week cumulative 



































Beta -5.655 -0.022 0.075 0.687 -0.017 0.057 0.260 0.567 0.440 0.252 
SE 0.267 0.110 0.046 0.624 0.374 0.058 0.104 0.282 0.202 0.157 
Low 95% CI -6.179 -0.239 -0.015 -0.535 -0.751 -0.056 0.056 0.014 0.044 -0.055 
High 95% CI -5.131 0.194 0.165 1.910 0.717 0.170 0.464 1.120 0.836 0.558 
z-score -21.143 -0.202 1.637 1.101 -0.045 0.991 2.497 2.011 2.178 1.605 
P-value <0.05 0.840 0.102 0.271 0.964 0.322 0.013* 0.045* 0.030* 0.108 
OR Exp(B) 
   




Beta -5.649 -0.027 0.058 -0.260 0.712 0.049 0.015 0.573 0.332 0.181 
SE 0.267 0.111 0.045 0.371 0.628 0.058 0.098 0.283 0.199 0.155 
Low 95% CI -6.174 -0.245 -0.031 -0.988 -0.518 -0.065 -0.177 0.019 -0.059 -0.123 
High 95% CI -5.125 0.191 0.146 0.468 1.942 0.163 0.207 1.127 0.723 0.485 
z-score -21.121 -0.243 1.279 -0.701 1.134 0.836 0.152 2.025 1.668 1.168 
P-value <0.05 0.808 0.201 0.484 0.256 0.403 0.879 0.043* 0.096 0.243 
OR Exp(B)   0.973 1.059 0.771 2.038 1.050 1.015 1.774 1.394 1.198 
 






Figure 13. Probability of injury risk and CI (95%) associated training load indices with 
contact injuries (5- and 7-day lag period). 
 
5.5 Discussion 
The purpose of this study was to investigate the association between contact injuries, 
non-contact injuries, and training load indices, across different lag periods in elite 
soccer players. The results found if week-to-week acute load change increased by 1000 
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Previous research with AFL players, also found that an increase (>1750 AU) in acute 
load (current week-previous week) meant a player was 2.58 times more likely to be 
injured (no lag period analysed) (Rogalski et al., 2013). Cross et al. (2016) found if 
acute load increased by 1069 AU, from the previous week, a Rugby player was at an 
increased risk (60%) of an injury within the subsequent week. A reason for the current 
study finding a specific 5-day lag period rather than the subsequent week, may be due 
to rolling weekly training load analysis being conducted instead of weekly block 
analysis (Cross et al., 2016). The rolling weekly data includes all training load data 
from 1-day prior to the injury, which means it may provide a more sensitive measure 
of training load to try to reduce the risk of injury. The more detailed analysis from the 
current study found that 62% of non-contact injuries occurred if week-to-week acute 
load change increased by 9% or more. These findings are similar to previous research 
where it was found a player was at an increased risk of an injury, if there was an 
increase in 10% or more in acute load (Gabbett, 2016). These results may help a coach 
to appropriately plan training load to reduce the risk of a non-contact injury. 
An increase in ACWR (uncoupled, 7:28) of 0.1 over 1.0, increased the risk of a non-
contact injury 5 days’ later, with 62% of injuries occurring if ACWR >1.20. These 
findings are similar to previous research, where it was found that a high ACWR 
increased the risk of injury (Bowen et al., 2017; Carey et al., 2017; Esmaeili et al., 
2018a; Malone et al., 2017; Murray et al., 2017), in the subsequent week (Hulin et al., 
2014). Fanchini et al. (2018) also found if ACWR was >1.20, there was an increased 
risk of non-contact injuries in soccer players, over 3 seasons. These results mean acute 
load was greater than chronic load (Hulin et al., 2014) and further supports the finding 
that an increase in week-to-week acute load change increases the risk of a non-contact 
injury. However, the week-to-week acute load change had a higher OR (OR=1.97) 
compared to ACWR (OR=1.14) indicating it may be a more useful training load 
variable to help reduce the risk of a non-contact injury. In practical terms, this means 
a coach should avoid a sudden increase in acute training load (week-to-week acute 
load change ≥ 9%), to decrease the likelihood of a non-contact injury 5 days' later. 
The current study also found that 5 days prior to an injury, if EWMA ACWR increased 
by 0.1, over 0.97, a player was at a 30% increased risk of a non-contact injury and 
26% increased risk of a contact injury. Previous research has also found a high EWMA 




2018a; Murray et al., 2017; Sampson et al., 2018). Sampson et al. (2018) study 
analysed data using rolling weekly training load with a 3- and 7-day lag period in 
American college football players, over a 17-week season. The results found that 
EWMA ACWR (7:21) associated most closely with a non-contact injury within a 3-
day lag period. However, training load data were solely collected for outdoor sessions 
using GPS, whereas the current study collected all training load data (indoor and 
outdoor training sessions and matches). The current study found EWMA ACWR 
associated with both contact and non-contact injuries 5 days’ priors, which may 
provide a coach with an earlier opportunity to alter training load to help reduce the 
risk of both a contact or non-contact injury. The OR in the current study were found 
to be higher for EWMA ACWR (OR=1.35) compared to ACWR (OR=1.14) for non-
contact injuries, indicating EWMA ACWR may be more sensitive in identifying the 
likelihood of a non-contact injury (Murray et al., 2017). This sensitivity of EWMA 
ACWR can also be seen in Figure 12, where EWMA ACWR shows a greater 
probability of sustaining a non-contact injury compared to ACWR. This may be due 
to EWMA ACWR taking into account the timeframe in which the stimulus occurred 
and the decaying nature of fitness and fatigue effects, giving more weighting to the 
most recent training (Murray et al., 2017). In contrast, ACWR calculates all training 
load sessions as equal, whether it was completed 3 days prior or 28 days prior. These 
findings highlight that EWMA ACWR may be a useful measure to alter training load 
to try to reduce the risk of both contact and non-contact injuries. Further investigation 
is required to explore the association between EWMA ACWR and contact and non-
contact injuries, due to limited research in this area. 
Previous research has found that high sustained workloads increased the risk of non-
contact injuries in soccer (Lu et al., 2017) and 2-week cumulative load >4000 AU 
increased the risk of injury in AFL players (Rogalski et al., 2013). Interestingly, the 
detailed data analysis from the current study found that for 2-week cumulative load 
57% of contact injuries occurred at >4000 AU, and 71% of contact injuries occurred 
if 3-week cumulative load >5200 AU. The limited research investigating the 
association between contact injuries and training load indices, found that an increase 
in acute load, ≥ 648 AU, increased the risk of a contact injury in soccer (Bowen et al., 
2017) and Rugby players (Gabbett & Jenkins, 2011). Bowen et al. (2017) also found 




which contradicts the findings in the current study. A limitation to the study by Bowen 
et al. (2017) and the potential reason for the lack of association between contact 
injuries and cumulative load, may be due to the fact that not all training sessions were 
included in their analysis, as solely GPS (outdoor) data were collected. Thus, a lower 
cumulative load would have been calculated. A potential reason for the increased risk 
of a contact injury due to cumulative load, may be the accumulated effect of fatigue 
(Williams et al., 2017a), which can reduce the stress-bearing capacity of the tissue 
(Kumar, 2001) and thus, increase the risk of injury (Williams et al., 2017a). Fatigue 
may also reduce a player’s reaction time and increase injury risk (Benjaminse et al., 
2019; Wilkerson et al., 2017). Additionally, it has been previously found that the 
cumulative loads may alter the neuromuscular control, meaning hazardous movement 
strategies may be employed, increasing the risk of injury (Apriantono et al., 2006; 
McLean et al., 2007). However, further research is required to explore the relationship 
between contact injuries, training load indices and cumulative fatigue (Williams et al., 
2017a).  
The current investigation was the first study to analyse the association between both 
contact and non-contact injuries with rolling weekly data, across different lag periods 
in soccer. A limitation of the study was no external training load data were collected 
(e.g. GPS), which may provide further insight into the external load a player is exposed 
to. Based on previous research (Abbott et al., 2018; Bowen et al., 2019; Colby et al., 
2017; Cummins et al., 2013; Murray et al., 2017; Owen et al., 2017) the following 
external load metrics could be collected and analysed as they are the most commonly 
used: high speed running, total high speed running, total load, and total distance 
covered during a match or training. Future research could add these metrics to their 
model to further explore if a specific GPS metric associated with injury risk across a 
number of lag periods, using rolling weekly training load data. It would also be of 
interest to explore the relationship between sRPE for outdoor sessions only and GPS 
data, and association with injury risk. Additionally, studies could investigate if there 
was a difference between GPS total load metric and sRPE total training load indices, 
association with injury, as GPS data cannot incorporate all sessions (e.g. gym, pool, 
and bike), whereas sRPE can. These are all important future studies, as collecting only 




load, which may mean association between training load and injury may be 
misrepresented. 
Additionally, while data were analysed sequentially (1 to 7-day lag periods), only 5-
day and 7-day data were presented, to provide a coach with an earlier time point in 
which to alter training load. A 7-day lag represented a period of training including a 
match, while a 5-day lag period represented a typical training week, thus providing 
enough time for a coach to alter training if required. However, it must be highlighted 
that care should be taken when interpreting the results as lag period assumes that the 
lag operates independent of the training load. This means it does not account for the 
fact training load during the interim period may affect the injury. Therefore, future 
research should investigate the cumulated training load within these lag periods and 
the various periodisation strategies, aimed at controlling the load. Data from the 
current study were collected from one soccer team over a season, even with 280 data 
points per player, caution must be taken when interpreting these results due to the low 
number of injuries and the fact training was planned and adjusted according to the 
players’ needs. Therefore, further research is required to explore the association 
between rolling weekly training load indices and contact and non-contact injuries 
across different lag periods, with multiple teams. 
5.6 Conclusion  
The findings of this study revealed that a player was at a higher risk of a non-contact 
injury, 5 days’ later, if week-to-week acute load change increased by 9% or more. For 
contact injuries, an increase in 2-week (>4000 AU) and 3-week (>5200 AU) 
cumulative load increased the risk of a contact injury. Additionally, a player was at a 
higher risk of a contact or non-contact injury 5 days’ later if EWMA ACWR >1.20. 
This study highlights that training load may be an indicator of a player at a potentially 
higher risk of sustaining a contact or non-contact injury.  
5.7 Practical Application 
These results highlight the different training load indices required to help try to reduce 
the risk of a contact and/or non-contact injury in soccer. A player was at a higher risk 
of a non-contact injury with an increase in week-to-week acute load change, EWMA 




to reduce the risk of a non-contact injury. Where there was a high 2- and 3-week 
cumulative load, a player was at a higher risk of a contact injury, which may be 
potentially due to accumulated fatigue. EWMA ACWR associated with both contact 
and non-contact injuries, highlighting EWMA ACWR may be a more sensitive 
measure than ACWR, to detect a player at a higher risk of a contact or non-contact 
injury. Rolling weekly training load data may be used to provide a more sensitive 
measure of training load than weekly blocks, as all training load data, from 1-day prior 
to an injury, are included in the calculations.  
5.8 Link to Next Chapter 
This chapter highlights that training load may be an indicator of a player at a higher 
risk of sustaining a contact or non-contact injury. However, the collection of subjective 
and objective markers of recovery (e.g. salivary cortisol, adductor squeeze) with 
training load data should be used to help provide a holistic view of a player’s training 
response to prepare for training and reduce the risk of injury.  
Injury is the most common reason for missed training sessions or competitions. 
However, illness, specifically URTI (Hosey & Rodenberg, 2005; Robinson & Milne, 
2002), has been reported to be the second highest reason for players missing train 
sessions or matches (Dvorak et al., 2011; Orhant et al., 2010; Parry & Drust, 2006). 
An URTI can also lead to performance decrements. Therefore, reducing the risk of a 
player contracting an URTI is important for a coach or practitioner to ensure 
optimisation of a player’s performance. Investigating both an objective marker of 
immune function (sIgA, study 4) and a longitudinal study (entire soccer season) 
exploring the relationship between training load and URTI (study 5), will provide 










Chapter 6- Study 4- Salivary IgA as a Predictor of Upper 
Respiratory Tract Infections and Relationship to Training 
Load in Elite Academy Rugby Union Players 
 
Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2019). Salivary 
IgA as a predictor of upper respiratory tract infections and relationship to training load 
in elite Rugby union players. The Journal of Strength and Conditioning Research, in 







Purpose: URTIs are among the most common illnesses reported in athletes. An URTI 
can result in missed training days, which in turn may lead to performance decrements. 
The purpose of this study was to investigate the use of sIgA as a predictor of URTI, 
while also exploring the relationship with weekly training load in elite academy Rugby 
union players. Methods: Nineteen male elite academy Rugby union players provided 
morning saliva swabs, biweekly (Monday and Friday), over a 10-week pre-season 
period. Subjects completed an illness log documenting symptoms of URTI. RPE was 
collected to determine training load (sRPE). Weekly training load was also calculated. 
Multilevel logistic regression was used to analyse the relationship between incidences 
of URTIs and sIgA and training load. Multilevel regression was conducted to compare 
associations between sIgA and training load. Results: The results found that the 
likelihood of suffering from an URTI increased when sIgA significantly decreased (p 
=0.046). Where sIgA decreased by 65% or more, a player was at a greater risk of 
contracting an URTI within the following 2 weeks. No association was found between 
sIgA and training load. Conclusion: sIgA may be a useful predictor for determining 
the likelihood of players contracting an URTI. This will allow the coach to make 
informed decisions on a player’s training status, helping reduce the risk of missing 
training, which may have performance decrements. Coaches may benefit from the fast, 






To optimise an athlete’s performance, minimising the number of training days missed 
due to injury and illness is essential. On average, athletes typically miss 15 training 
days per year and are unable to compete in at least 1 competition due to illness 
(Ronsen, 2005). URTI are one of the most common illnesses reported in athletes 
(Hosey & Rodenberg, 2005; Robinson & Milne, 2002). On average, elite Rugby union 
players experience 4 URTIs over the course of a season (11 months) (Cunniffe et al., 
2011), and 89% of ice hockey players suffered from an URTI over a 6-month period 
(Orysiak et al., 2017). A number of studies have reported sIgA as a predictor of URTI 
in elite athletes (Mortatti et al., 2012; Neville et al., 2008; Orysiak et al., 2017). IgA is 
an antibody and an immune marker that is found in mucosal surface, including saliva 
(Lamm, 1997; Papacosta & Nassis, 2011). sIgA is the first line of defence; it provides 
a barrier to viruses and antigens (Mazanec et al., 1993). sIgA binds to antigens and 
neutralises viruses by inhibiting replication of pathogens (Lamm, 1997), which can be 
responsible for causing URTIs (Fahlman & Engels, 2005; Lamm, 1997; Mazanec et 
al., 1993). Intensive training and the associated decrease in secretion of sIgA can lead 
to athletes being at an increased risk of contracting URTIs (Mortatti et al., 2012). A 
decrease in sIgA can increase the risk of contracting an URTI and interfere with 
training, and thereby increase the chance of missing training days, which can lead to 
performance decrements (Gleeson, 2007; Orhant et al., 2010; Parry & Drust, 2006). 
It has been found that lower sIgA levels significantly increased the risk of contracting 
an URTI in ice hockey players over a 6-month period (Orysiak et al., 2017) and soccer 
players over a 20-day period (Mortatti et al., 2012). Cunniffe et al. (2011) studied elite 
Rugby union players over 11 months, observing that the players with lower mean sIgA 
reported higher incidences of URTIs; however, this was not found to be statistically 
significant. This may be due to the large individual variability or infrequent testing of 
saliva because swabs were collected once a month over an 11-month period (Cunniffe 
et al., 2011). Similarly, Fahlman et al. (2005) found mucosal IgA significantly 
decreased over periods of intense training, which significantly increased the incidence 
of URTI, in American football players over 12 months. Tsai et al. (2009) also found 
that a decrease in mucosal IgA significantly increased the risk of contracting an URTI 
in taekwondo athletes, over 7 weeks. Interestingly, Fahlman et al. (2005) and Gleeson 




predictor for URTIs than sIgA levels per se, as it actually represents the amount of 
IgA available in the mucosal surface. A limitation to both Fahlman et al. (2005) and 
Orysiak et al. (2017) studies was that saliva samples were also collected infrequently, 
8 time points over the course of the season. To date, just one longitudinal study (50 
weeks) with the collection of weekly saliva samples has been conducted in elite 
professional sailors (Neville et al., 2008). This study found that if sIgA values 
decreased by 40%, 3 weeks later, the athlete had a 50% chance of contracting an URTI 
(Neville et al., 2008). Consequently, to establish the relationship between sIgA and 
the incidence of URTI, further studies are required incorporating the frequent testing 
of saliva (Mortatti et al., 2012), to show possible trends or patterns and allow for week-
to-week interpretation from responses to training (Cormack et al., 2008). 
Research has found that high training loads can decrease sIgA (Moreira et al., 2013a; 
Novas et al., 2003) and suppress immune function, meaning individuals are more 
susceptible to suffer from an URTI (Papacosta & Nassis, 2011). Moreira et al. (2013a) 
found that URTI symptoms were more severe during periods of higher training, in 
futsal players. This study, however, was completed over 4 weeks of intensive futsal 
training. By contrast, it has been found that the training load did not influence sIgA 
responses in judo athletes (Agostinho et al., 2017) or female basketball players (Nunes 
et al., 2014). A limitation of these studies again was the infrequent collection of saliva 
samples, 6 time points over 43 weeks (Agostinho et al., 2017), and before and after a 
12-week training programme (Nunes et al., 2014). More frequent salivary monitoring 
is required to establish the weekly effect of training load on sIgA (Cunniffe et al., 
2011; Mortatti et al., 2012). A study by Fahlman et al. (2005) implied that the harder 
the training schedule, the greater the reductions in sIgA, which subsequently increased 
the incidences of URTI. However, the study did not quantify the intensity of training 
using any validated or reliable measure; it was based on the training schedule. 
Similarly, Neville et al. (2008) did not quantify training load. Instead, total hours of 
weekly training were calculated, and separately, an index of sailing and training load 
were collected using a weekly scale; no daily internal measurement was taken to 
quantify training load, such as sRPE (Impellizzeri et al., 2004; Lovell et al., 2013). 
Further research is needed within elite team contact sports (Cunniffe et al., 2011), with 





There are a considerable number of studies researching immune disturbances and 
training in elite athletes (Cunniffe et al., 2011; Fahlman & Engels, 2005; Gleeson et 
al., 2000; Guilhem et al., 2015; Moreira et al., 2013a; Neville et al., 2008). However, 
no study to date has been conducted with multiple testing time points during a week, 
in elite Rugby union players. In addition, there is limited research investigating the 
interaction between players’ immune function (sIgA) and weekly training load in 
Rugby union players (Cunniffe et al., 2011; Fahlman & Engels, 2005; Moreira et al., 
2013a; Neville et al., 2008). The aim of this study was to investigate the relationship 
between sIgA and URTI, and whether sIgA could be used as a marker to predict URTI, 
in elite Rugby union players over a 10-week training period. Secondly, this study 
aimed to investigate the effects of weekly training on immune function, while also 
exploring the relationship between sIgA, URTI, and training load. 
6.3 Methods 
6.3.1 Design 
Over a 10-week pre-season training period, player’s provided saliva samples twice a 
week, Monday and Friday morning, before training commenced. Monday saliva 
samples represented the start of the training week, and Friday signified the last day of 
the training week. Before the Monday swab collection, players had at least one full 
day of recovery from training or playing a match. Players were required to complete 
a biweekly (Monday and Friday) URTI log, at the same time as saliva samples were 
collected. The logs recorded any symptoms of URTI (e.g., cough, a runny nose, nasal 
congestion, headache, and sore throat) (Tsai et al., 2009). Players could also complete 
the log at any point throughout the week; the researcher, coaches, or team doctor 
facilitated the log being provided. sRPE was taken after every session to calculate 
weekly training load. Baseline saliva data were collected after the players’ 3-week 
break from the previous season. The players had a download week in week 3, and 
matches were played in weeks 7–9 (Figure 14). To ensure minimal disruption to 
training and continuity with the players’ normal training schedule, all testing took 
place in the Rugby team’s training facilities. The data collection for saliva and logging 





Figure 14. Training and match schedule over a 10-week pre-season period. 
6.3.2 Subjects 
Nineteen elite academy male Rugby union players volunteered to take part in the study 
(mean ± SD, age 19.7 ± 1.1 years, height 184.5 ± 7.7 cm, and body mass 96.2 ± 12.5 
kg). All players were contracted for the academy of a professional Rugby team and 
trained full time with the academy and/or senior team. All players had a minimum of 
2 years training within an elite Rugby academy and at least 2 years of Rugby playing 
experience before joining the academy. 
Typically, players trained 4–5 days a week, with multiple training sessions a day. 
These sessions included conditioning, gym/resistance, and pitch-based Rugby 
training. Before participating in the study, each player was screened and cleared of 
any signs or symptoms of illness, and any allergies were noted. All players were 
informed of the study requirements (risks and benefits) (Appendix 1) and provided 
written informed consent (Appendix 2). The study was approved by the University of 
Limerick Research Ethics Committee. 
6.3.3 Procedures 
6.3.3.1 Saliva Collection Protocol 
All saliva samples were collected before any training and within 1-hour of the players 
waking up. This was to limit the effect of diurnal variation (Pritchard et al., 2017). 
Throughout the 10-week training period, including baseline data collection, the 




collected for 4 days (Monday, Tuesday, Thursday, and Friday) in keeping with the 
players’ normal training schedule. For the remaining pre-season testing, saliva 
samples were collected biweekly (Monday and Friday morning). 
Players placed the OFC swab (Soma Bioscience, Wallingford, United Kingdom) on 
the top of their tongue and closed their mouth. They did not suck or move the swab 
around their mouth to ensure that the test was consistent and reduced variability (Coad 
et al., 2015). The indicator on the stem turned blue when the sample was complete; 
the swab collected 0.5 ml of oral fluid. The swab was then placed in the OFC buffer 
bottle of assays (sodium phosphate, salts, detergents, and preservatives), in line with 
the manufacturer’s guidelines. 
The researcher (C.T.) gently mixed the samples in the OFC buffer bottle for 2 minutes. 
Two drops of the sample were added to the sample window of the LFD and left for 15 
minutes; this was the ‘incubation’ phase. The strip was placed in the Soma LFD real-
time reader, with results ready within 22 seconds. The use of the Soma Bioscience 
OFC collector has been found to be a valid method to collect and analyse sIgA 
compared to ELISA (r = 0.93, p < 0.001) (Coad et al., 2015). The use of the OFC and 
LFD has also been found to be a reliable measure to analyse sIgA (ICC r = 0.89, p < 
0.001 and CV = 9.40%) (Coad et al., 2015). Macdonald et al. (2017) also found high 
inter-day reliability for sIgA using Soma Bioscience equipment (ICC= 0.99, CV= 
7.4%). 
Flow rate was calculated by dividing the total volume of saliva (0.5 ml) by the time 
(minutes) it took the swab indicator to turn blue. Secretion rate was calculated by 
multiplying the sIgA concentration (ug.ml) by the saliva flow rate (ml.min-1) 
(Fahlman & Engels, 2005). Secretion rate is the total amount of sIgA present in the 
saliva surface per unit time (Fahlman & Engels, 2005), and flow rate is the time taken 
to produce each saliva sample (Fahlman & Engels, 2005). 
To reduce saliva measurement error and ensure more stringent testing (Hayes et al., 
2016; Papacosta & Nassis, 2011), the players were required to consume breakfast, 
refrain from brushing their teeth, or eat chewing gum. In addition, players had to avoid 
drinking any caffeinated drinks (tea, coffee, or sports drinks) (Hayes et al., 2016) or 
consuming alcohol 24 hours before testing (Cunniffe et al., 2011). Each player 




sleep diary (Appendix 3) (Carney et al., 2012; Taylor et al., 2013). Finally, any 
stressful situations the night before or that morning were also recorded (Appendix 3) 
because research has found that stressful situations can affect saliva results (Engeland 
et al., 2016). All nutrition was under the guidance of the team’s nutritionist; players 
prepared their own snacks and pre-gym breakfast. 
6.3.3.2 Upper Respiratory Tract Infection (URTI) 
A self-reported log (Appendix 4) was presented to the players on Monday and Friday 
mornings at the same time the saliva swab was collected; however, players could 
complete the log at any point during the week, when symptoms arose. The log 
recorded the players’ symptoms, number of days with symptoms, and severity of the 
infection (1–3), where 1 = no impact on daily activity, 2= infection had some impact 
on their daily activity, and 3 = infection led to a significant impact on daily activities 
(Fahlman & Engels, 2005; Mortatti et al., 2012). Verbal anchoring of the log was 
completed 2 days before testing and on the morning of the first testing day. In addition, 
a third verbal anchoring day was completed 4 weeks into the study. 
To be classified as an URTI, the infection had to last 2 or more days, and players had 
to present at least 2 of the following symptoms: a runny nose, nasal congestion, cough, 
headache, sore throat, sneezing, stuffy nose, nasal discharge, tight or wheezy chest, 
malaise, and chilliness (Tsai et al., 2009). If the player met the criteria of 2+ symptoms 
for 2+ days, the researcher would follow-up with the player to identify whether it was 
an URTI, an illness (e.g., fever, aches, and feeling sick), or an allergic reaction. If the 
researcher was unsure, the team doctor would provide a diagnosis. This method of 
classifying URTI is consistent with previous research (Fahlman & Engels, 2005; 
Mortatti et al., 2012). 
6.3.3.3 Training Load 
To quantify the players’ training session intensity, RPE was recorded after every 
training session or match (Lovell et al., 2013), using the modified Borg 0–10 scale 
(Borg et al., 1985; Foster et al., 2001). The players were asked individually “how 
intense do you feel the session was?” (Foster et al., 2001) and reported their value to 
the coach or researcher to prevent any bias or influence from other players. Both gym 




been found that sessions which do not finish at high intensity (related to gym sessions 
in this study) or include a cool down (pitch sessions in this study) did not affect the 
players’ perceived rating of the session (Christen et al., 2016). Compared to HR and 
blood lactate concentrations, RPE has been found to be a valid and reliable monitoring 
marker for internal load and exercise intensity (Foster et al., 2001; Lovell et al., 2013). 
Training load for each session (sRPE) was calculated by RPE x duration of session 
(minutes) (Foster et al., 2001). This calculation of training load has been found as a 
reliable and valid measure of training intensity (Haddad et al., 2017). The sum of each 
sessions training load provided the quantification of weekly training load (7 days). 
Chronic load was calculated by averaging 4 weeks of training load data, e.g., weeks 
1–4, 2–5, and 3–6 (Gabbett, 2016). 
6.3.4 Statistical Analysis 
Descriptive statistics were calculated for all variables, and assumptions for parametric 
analysis were explored. Natural log transformation was used for saliva data to reduce 
bias due to the variability in saliva (Gaviglio et al., 2015). Significance levels were set 
at p ≤0.05. 
All statistical analysis was conducted using MLwin software (version 2.36). 
Multilevel logistic regression was used for the URTI data because this was a binary 
variable. Multilevel regression was used to compare sIgA and training load. As the 
study had multiple testing time points during a week, and to facilitate the examination 
of between- and within-player variability, a 2-level model was conducted, level 1 = 
training weeks and level 2 = players. This was to investigate the variance between 
weeks and players, and the variance within players across those training weeks. 
6.4 Results 
6.4.1 Salivary IgA and URTI 
The logistic regression found that as sIgA significantly decreased, the risk (54%) of 
contracting an URTI increased (-0.00537 [0.00268] ug.ml, p =0.046) (β [SE]). There 
was a highly significant decrease in sIgA 1–2 weeks before players contracted an 
URTI (3.14711 [0.61377] ug.ml, p <0.001) (Figure 15). sIgA was found to decrease 




mean ± SD values of sIgA of players pre URTI, with and without an URTI. No 
significant difference (p >0.05) was found between sIgA levels in players with an 
URTI and players without an URTI (Figure 15); it was only 2 weeks preceding an 
URTI that player’s sIgA decreased. 
 
 
Figure 15. sIgA levels at baseline, 2 weeks prior to an URTI, with an URTI and 
without an URTI. 
Note: Significant difference between sIgA prior to an URTI compared to during and 
players with no infection. * p ≤0.05- significant. 
 
 








All data 257.01 + 152.57 0.59 ± 0.57 163.29 ± 156.10 
Players 2 weeks prior to URTI 110.80 ± 46.89 0.53 ± 0.42 169.94 ± 155.91 
Players with an URTI 254.22 ± 140.98 0.52 ± 0.42 135.24 ± 107.48 
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A significant negative association was found between URTI and having a low sIgA 
value (-0.00751 [0.00346] ug.ml, p =0.030). This suggests that a player was at a 
greater risk of contracting an URTI, with a lower sIgA value. No significant 
differences in weekly sIgA levels were found over the 10-week period (Figure 16a). 
 
 
Figure 16. Weekly response over a 10-week pre-season period of (a) sIgA and (b) 
training load, compared to week 1 baseline measures. 












6.4.2 Incidences of URTI 
Over 10 weeks (70-day testing period and 45-day training), 15 incidences of URTI 
were reported from the 19 players in this study. Of the 15 incidences of URTI, 3 
players reported 2 separate URTIs and the remaining 9 incidences were 9 individual 
players. These results show that 21% of the players contracted an URTI. The 
probability of developing an URTI was 0.21, with the odds of contracting an URTI 
being 0.27 and the odds of not contracting an infection being 3.67. 
6.4.3 Secretion and Flow Rate and URTI 
Secretion rate was found to have a highly significant association with sIgA, indicating 
that as sIgA increases, secretion rate also significantly increases (0.98804 [0.18565] 
ug.min-1, p <0.001). No association was found between flow rate and sIgA (0.00022 
[0.00039] ml.min-1, p >0.05). The logistic regression found no significant difference 
(p >0.05) between contracting an URTI and secretion rate (-0.00106 [0.00137] 
ug.min-1) or flow rate (0.04957 [0.26179] ml.min-1). Figure 17 shows the weekly 
variations of flow rate and secretion rate over the course of the 10- week study. There 
is no clear trend or pattern observed between flow rate and secretion rate. Table 13 
shows the mean ± SD values of a player’s secretion and flow rate. 
Figure 17. Weekly averages of secretion and flow rate across a 10-week pre-season 
training period, compared with baseline (week 1). 
 
 
































































6.4.4 Salivary IgA and Training Load 
There were no significant associations (p >0.05) found between sIgA and training load 
(Figure 16) or chronic training load and sIgA (-0.04038 [0.03498] ug.ml, p >0.05). In 
addition, no association was found between players with an URTI and training load. 
Training load significantly increased in weeks 2 and 6-10, which is congruent with the 
decrease in sIgA levels below baseline levels (Figure 16). However, the decrease in 
sIgA was not statistically significant. In addition, it was found that 1–2 weeks before 
the significant decrease in sIgA, leading to an URTI, the players’ training load 
increased on average by 49% from the previous week of training. It must be noted that 
the increase in training load occurred in 13 of the 15 reported incidences of URTI; the 
remaining 2 players had a decrease in training load. The players who did not contract 
an URTI, training load only increased on average by 16% from the previous week’s 
training.  
6.5 Discussion 
This is the first study to conduct biweekly saliva testing (Monday and Friday 
mornings) in elite academy Rugby union players over a 10-week pre-season training 
period, adopting a stringent method for saliva collection to reduce measurement error. 
The main finding of this study was that sIgA may be used as a predictor for 
determining the likely risk of contracting an URTI, in elite academy Rugby union 
players. The results indicated that if a player’s sIgA decreased by a mean threshold of 
65% or greater, they would be at a greater risk (54%) of developing an URTI in the 
following 2 weeks. These results are similar to that of Neville et al. (2008), with elite 
professional sailors, and Tsai et al. (2009), with elite taekwondo athletes, both finding 
a significant reduction in sIgA 3 weeks before developing an URTI. The potential 
reason for the 2-week decrease in sIgA in the current study and 3 weeks in previous 
research could be the frequency of sample collection. The current study collected 
saliva biweekly, whereas Tsai et al. (2009) collected samples at 7 time points over a 
7-week period (30-, 14-, 7- and 1-day pre-competition and 1-, 7- and 19-day post 
competition). Another reason for the differences between studies could be the different 
exercise intensities and training volumes (Peñailillo et al., 2015), and the training 




within which the players train (Pyne et al., 2000). No significant difference was found 
between sIgA levels in players with an URTI and players’ sIgA levels without an 
URTI. The players’ sIgA levels with an URTI returned to the same level as players 
without an infection. The time taken for a player’s sIgA returning to baseline was 
dependent on the severity of the URTI. Novas et al. (2003) also found that tennis 
players with an URTI had a significant drop in sIgA preceding the infection episode, 
but sIgA did not differ in players with and without an URTI. However, sIgA samples 
were collected pre and post 6 training sessions over a 12-week training period, not 
biweekly, as was the case in the current investigation. Further research has also found 
no correlation between sIgA levels and an URTI (Gleeson et al., 2000; Nehlsen-
Cannarella et al., 2000). However, due to the infrequent testing of 7 time points over 
a 12-week period (Gleeson et al., 2000) and duration of testing (3 days) (Nehlsen-
Cannarella et al., 2000), a direct comparison cannot be made to the current study. 
Another reason for the lack of significant differences in sIgA levels in players with 
and without an URTI could be due to the fact that coaches and team’s qualified 
nutritionist were provided with the data, upon which they then put in place a strategy 
to limit a player’s further deterioration of the URTI. This may have reduced the risk 
of additional impingement on training. 
A significant association was found between URTI and low sIgA values. This is in 
agreement with previous studies in both ice hockey players (Orysiak et al., 2017) and 
American football players (Fahlman & Engels, 2005), which found that players with 
higher incidence of URTI symptoms had significantly lower sIgA levels, compared 
with players without symptoms of infections. Furthermore, a study by Cunniffe et al. 
(2011) investigating elite Rugby union players, also found that lower sIgA levels were 
reported with incidences of URTI than those without URTIs. However, it should be 
noted that saliva samples were only collected monthly (11 occasions) over an entire 
Rugby season (Cunniffe et al., 2011), 8 time points over 12 months (Fahlman & 
Engels, 2005), and 8 time points over 5 months (Orysiak et al., 2017), rather than 
biweekly. In addition, weekly reports of URTI symptoms were recorded in the study 
by Fahlman et al. (2005) and Cunniffe et al. (2011), which may have reduced the 
occurrence of an URTI. 
Secretion rate was found to have a significant association with sIgA, indicating that as 




was found between secretion rate and URTI incidences, although previous research 
has found that lower sIgA secretion rate could be used as a better predictor for URTI 
than sIgA (Fahlman & Engels, 2005; Gleeson et al., 2012). However, it is difficult to 
compare across studies, owing to the different collection methods used (e.g. ELISA, 
no stringent method) and exercise intensities (Peñailillo et al., 2015). In addition, 
saliva measurements have previously been shown to have a large individual variability 
(Neville et al., 2008), which was also found in this study with the large SDs; this may 
be the reason why no association was found in the current study. Moreira et al. (2014) 
found that as sIgA secretion rate increased, there was a significant decrease in URTI 
symptoms during a 2-week detraining period. However, this was with young soccer 
players (12.9 ± 0.2 years), with 4 saliva collection points over 12 weeks. By contrast, 
Novas et al. (2003) found no significant differences between sIgA and secretion rate 
over 12 weeks. However, again, infrequent testing of saliva could be the reason for 
different findings, as saliva samples were collected before and after the 12-week study, 
not biweekly, as was the case in the current study. 
There were no significant associations found between sIgA and training load or 
chronic load. This contradicts previous research, as Moreira et al. (2013a) found a 
significant association between training load and URTI in futsal players. As training 
load decreased, the URTI symptom severity decreased, suggesting higher training 
periods meant athletes’ were at an increased risk of developing an URTI. Novas et al. 
(2003) also found that higher incidences of URTI were related to higher training loads. 
One potential reason for the current study finding no association between sIgA and 
training load could indicate the appropriate training load management by the coaching 
staff, ensuring sufficient recovery (Agostinho et al., 2017; Novas et al., 2003). 
Interestingly, the findings from the current study showed that 1–2 weeks before the 
decrease in sIgA, which resulted in an infection, the player’s training load increased 
by 49%. This is a novel finding and has not been reported in any other study to the 
authors’ knowledge. However, it must be noted that training load decreased for 2 of 
the 15 players that contracted an URTI. The reason for this may be due to multiple 
factors that can lead to an URTI, including exposures to different bacteria/viral or 
different immune responses (Gleeson et al., 2000), and other sick teammates that train 
in close proximities (Fahlman & Engels, 2005; Friman & Wesslén, 2000; Gani et al., 
2003; Pyne et al., 2000). These results imply that appropriate prescription and 




risk of players developing an URTI. This monitoring may therefore help to optimise 
training and performance, while reducing the number of training days missed. 
The results found that sIgA may be used as a predictor of players at a potential risk of 
contracting an URTI, but by contrast, did not find an association between sIgA and 
training load. However, it can be seen that the players who contracted an URTI had a 
large increase in training load before a significant decrease in sIgA, which led to an 
URTI. The main strength of this study was the biweekly testing and players reporting 
at any time during a week if they had any URTI symptoms. The 10-week duration, 
calibre of subjects and comparison with training load (calculated using sRPE) are 
further strengths. Saliva sample collection is also non-invasive, easy to collect, and 
time-efficient, meaning it can be used in an applied team settings, causing minimal 
disruption to the players’ schedule, unlike blood collection (Papacosta & Nassis, 
2011). 
The results from the current study may be used by coaches and support staff to inform 
practice, namely alter training load, if they felt it necessary. It should be taken into 
account that this may have influenced the results, by affecting the overall number or 
severity of URTIs. A limitation to the study was the collection of pre-season data. In 
addition, only internal training load was calculated using sRPE. Further research needs 
to be conducted over an entire Rugby season to explore the association between sIgA 
levels and URTI across pre-season, in-season (competitive season) and the off-season. 
In addition, the relationship between sIgA and both internal and external training load 
data (e.g., GPS) should be examined in future studies of this nature. This may provide 
further insight into different training load metrics, such as total distance covered 
during match or training. 
6.6 Conclusion 
URTIs are one of the most common illnesses reported in a variety of sports, which can 
increase the number of training days missed, and thereby may affect subsequent 
performance. To help athletes optimise their performance, indicators for the potential 
risk of contracting an URTI are needed. The findings of the current study suggest that 
sIgA may be an effective, non-invasive, and rapid method of determining whether a 




The main finding of this study was that a decrease of 65% or more in sIgA meant 
players were at risk within the following 2 weeks of contracting an URTI. These 
results provide coaches and support staff with an objective monitoring marker of 
immune function to help reduce the risk of contracting an URTI and missed training 
days, in an effort to optimise performance.  
6.7 Practical Application 
By indicating players at a potential risk of contracting an URTI through the 
measurement of sIgA, coaches can subsequently put a plan in place to reduce the 
likelihood of a player contracting an URTI (e.g. reduce training load or increase 
recovery). It is important that results are combined with training load data and 
evaluated on a player-by-player basis, to appropriately plan and adjust the player’s 
training load, thereby tailoring training to individual player requirements. Ideally, 
saliva collection would be biweekly, increasing the likelihood of detecting decreased 
sIgA levels, to reduce the risk of an URTI occurring. However, weekly testing with 
the stringent method would still be beneficial. Finally, baseline measures should be 
collected the week before pre-season, to gather data that had not been affected by 
training. 
6.8 Link to Next Chapter 
This study provides further information that a number of monitoring markers should 
be collected to provide a comprehensive holistic view of a player’s recovery status. 
The previous studies in this programme of research found the objective marker 
salivary cortisol may be collected to provide data on a player’s physiological stress 
response from training or a match, and adductor squeeze strength scores combined 
with training load, muscle soreness and perceived fatigue may be used to provide a 
holistic view of a player’s recovery status. The current study highlights that the 
immune response of players should also be collected to help reduce the risk of an 
URTI. This in turn may reduce performance decrements. A significant decrease in 
sIgA was found to associate with an increased risk of a player contracting an URTI. 
Interestingly, no association was found between training load and URTIs, over a 10-
week pre-season period. However, it is important to investigate players over an entire 
season, as it incorporates competitive matches, and may identify trends throughout the 




season is needed to investigate if there was a relationship between training load and 
URTI incidences. Additionally, longitudinal data collection will provide an 
opportunity to investigate within subject changes over time, to explore any patterns 












Chapter 7- Study 5- Seasonal Associations between 
Training Load Indices and Upper Respiratory Tract 
Infections in Elite Soccer Players 
Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2020). The 
association between training load indices and Upper Respiratory Tract Infections 





Purpose: To investigate the association between training load indices and URTI 
across different lag periods in elite soccer players. Methods: Internal training load 
(sRPE) was collected from 15 elite soccer players over one full season (40 weeks). 
Acute (7 days), chronic (28 days), ACWR (uncoupled), EWMA ACWR, 2, 3 and 4-
week cumulative load, training strain and training monotony were calculated on a 
rolling weekly basis. Players also completed a daily illness log, through an app, 
documenting any signs and symptoms, which were used to determine an URTI. 
Multilevel logistic regression was used to analyse the associations between training 
load indices and URTI across different lag periods (1 to 7 days). Results: The results 
found a significant association between 2-week cumulative load and an increased 
likelihood of a player contracting an URTI 3 days’ later (OR, 95% CI: OR=2.07, 95% 
CI=0.026-1.431). Additionally, a significant association was found between 3-week 
cumulative load and a player’s increased risk of contracting an URTI 4 days’ later 
(OR=1.66, 95% CI=0.013–1.006). Conclusions: The results of this study indicate that 
accumulated periods of high training load (2- and 3-week) were associated with an 
increased risk of a player contracting an URTI, which may lead to performance 
decrements, missed training sessions or even competitions. From a coaching 
standpoint, this means the monitoring and adjustment of a high 2-week and 3-week 







The principal role of a coach or practitioner is to optimise a player’s performance 
while also making efforts to ensure the protection of a player’s health and welfare 
(Orhant et al., 2010). Illness has been found to be the second most common cause of 
missed training and matches in soccer (Parry & Drust, 2006), which can have a 
considerable impact on a team’s performance (Jones et al., 2017). URTIs, also known 
as the ‘common cold’ (Martin et al., 2009), have been reported as the most common 
illness in soccer (74.5%) (Orhant et al., 2010). Training load is widely used to manage 
fatigue and reduce the risk of overtraining, injury, and illness (Halson, 2014). Training 
load data can be quantified as internal or external load. Internal training load measures 
a player’s physiological and/or psychological response to an external load, and can be 
measured by RPE (Gabbett, 2016). External load is the objective physical load applied 
to the athlete and can be measured through a variety of methods including, GPS using 
metrics such as total distance covered or high-speed distance covered during matches 
or training sessions (Gabbett, 2016). 
Moderate intensity exercise has been found to protect an individual from an URTI, 
while heavy exertion or prolonged intensive exercise increases the risk of an URTI 
(Nieman, 1994). It has previously been reported that a period of increased training 
intensity (Cunniffe et al., 2011) or a high training load (Novas et al., 2003) can result 
in higher incidences of URTI in elite Rugby union (Cunniffe et al., 2011), tennis 
(Novas et al., 2003) and futsal players (Moreira et al., 2013a). Although the study by 
Cunniffe et al. (2011) in Rugby union players was completed over a full season, only 
mean weekly training load data were analysed and illness logs were collected weekly, 
rather than daily. Daily data collection may provide a greater insight and an earlier 
time-point to indicate when an URTI may have occurred. Moreover, their finding that 
peaks in URTIs occurred after periods of intensified training was an observed trend, 
and not statistically significant (Cunniffe et al., 2011). Novas et al. (2003) found that 
symptoms of URTI increased with higher training duration and load but not training 
intensity in tennis players. However, the study was conducted over 12 weeks and 
training load was quantified as an estimation of energy cost, while competition load 
was collected and analysed separately as RPE (a measure of match intensity), match 




noted that RPE and duration were not multiplied to provide sRPE, which is more 
widely used as an internal load marker of training load, which incorporates all training 
sessions and competitions (Foster et al., 2001; Gabbett, 2016). These differences in 
training load calculations make comparisons between studies more difficult. Moreira 
et al. (2013a) found that high intensity training increased the severity of URTI 
symptoms in futsal players, and that a decrease in training load (~50%) was 
accompanied with a significant reduction (p <0.05) in incidences of URTIs. The 
authors stated that the taper phase may be an appropriate strategy to minimise fatigue 
and optimise the health status of the athletes. This may be due to the taper phase having 
a reduction in training load after an intensified period of training, which was found to 
associate with a decrease in URTI symptoms in this period. A limitation of this study 
was the acute nature of data collection, which was conducted over a 4-week intensive 
training period. The acute nature of this study, 4 weeks (Moreira et al., 2013a), the 
infrequent collection of illness logs (Cunniffe et al., 2011), and testing over an 
intensified period of training (Moreira et al., 2013a), highlights that longitudinal 
research over an entire soccer season, collecting daily data, is required to investigate 
the association between training load and URTI. A longitudinal study with more 
frequent data collection may help to explore trends of URTI across a season, and allow 
for the investigation of any change or accumulation of training load, which may be 
associated with a greater risk of illness (Cormack et al., 2008; Jones et al., 2017). 
In contrast to the previous research, Anderson et al. (2003) found no relationship 
between training load and illness, in collegiate basketball players, over a 21-week 
period. However, all illnesses were analysed together rather than in separate illness 
categories (e.g. URTI). Additionally, training load data were averaged for each week, 
which meant it may not have taken into account the individual fluctuations or variance 
of the players studied. A previous study in elite Rugby union players (Tiernan et al., 
2020) found no association between training load and URTIs over a pre-season period 
(10 weeks). However, training load data in these studies (Anderson et al., 2003; 
Cunniffe et al., 2011; Moreira et al., 2013a; Novas et al., 2003; Tiernan et al., 2020) 
were analysed in weekly blocks (e.g. Monday-Sunday) rather than rolling weekly 
analysis (Table 4). Rolling weekly analysis means training load data can be analysed 
from the exact incidence day (Table 4) rather than a specific week, where the illness 




training load data. Furthermore, none of the previous studies (Anderson et al., 2003; 
Cunniffe et al., 2011; Moreira et al., 2013a; Novas et al., 2003; Tiernan et al., 2020) 
investigated the lag period between training load and the onset of an URTI. Lag period 
has been defined as the period between the training load and the subsequent illness 
(Drew & Finch, 2016). This may be beneficial for a coach to provide the earliest time-
point in which to alter training load, if required. 
Similar to the dearth of research investigating rolling weekly analysis across different 
lag periods, there is currently a lack of research investigating associations between 
different training load indices and URTIs. Previous research has explored acute 
training load association with URTIs (Cunniffe et al., 2011; Nieman, 1994; Novas et 
al., 2003), while Piggott et al. (2009) and Putlur et al. (2004) explored training 
monotony and training strain association to all illnesses. Training monotony indicates 
the variability of practice and training strain is the stress demand on an athlete over a 
week (Anderson et al., 2003), calculations are shown in Table 2. Putlur et al. (2004) 
found that 55-64% of illnesses occurred with a preceding spike (no percentage 
increase was provided) in training load, monotony or strain, in female soccer players 
over 9 weeks. Similarly, Piggott et al. (2009) also found that 42% of illnesses occurred 
after a >10% spike in training load, and 33% occurred with a spike in training 
monotony but no association with training strain was reported in AFL players, over a 
15-week pre-season period. However, to the best of the authors’ knowledge, no 
previous studies to date have investigated the association between training load 
indices: ACWR, EWMA ACWR, cumulative load (2, 3 and 4 weeks), training strain, 
training monotony and URTIs in soccer players. 
To the authors’ knowledge, there is currently no longitudinal research investigating 
the association between training load indices, using rolling weekly analysis, and 
URTIs in soccer. Therefore, the aim of this study was to investigate the association 










Data were collected daily over an entire soccer season, 43 weeks. The season 
comprised of 47 games, with 1-week off in June. A familiarisation and verbal 
anchoring (Gearhart Jr, 2008; Lamb et al., 2004) period took place during the first 
week of pre-season, to ensure the players accurately provided RPE values, as this was 
the first time the players had completed RPE monitoring. The first 3 weeks of pre-
season were not included in the illness analysis due to training load calculations 
requiring a large data set to be calculated (e.g. cumulative load). This means 40 weeks 
of data were analysed, equating to 280 data points per player. 
7.3.2 Subjects 
Thirty male elite soccer players volunteered to take part in the study (mean ± SD, age 
23.4 ± 4.8 years, height 180.8 ± 5.8 cm, body mass 77.1 ± 5.1 kg). All players were 
contracted and played for the senior first team, competing in the country’s highest 
level of competition (the Premier League). A typical training week consisted of 4 team 
training days and a match. The weekly training sessions and competitions included, 
fitness conditioning, gym/resistance training, skills, conditioned games, friendly and 
competitive matches. All players were informed of the study requirements (Appendix 
1) and provided written informed consent (Appendix 2). The study was approved by 
the University Research Ethics Committee. 
To ensure full data sets across the season, for the current study, a number of players 
were excluded from the final data analysis due to incomplete sets. This meant a total 
of 15 players were included in the final analysis, which represented those players in 
the soccer team where full data sets were collected across the entire season. The 
reasons for incomplete data sets included: long-term injuries, players transferring to 
different clubs and player unavailability due to club financial status.  
7.3.3 Procedures 
All testing took place at the soccer team’s training facilities, to ensure minimal 




Throughout the study duration, the principle researcher (C.T.) was at every training 
session to ensure data were collected accurately. 
7.3.3.1 Training Load 
sRPE was calculated by RPE x session duration (minutes) (Foster et al., 2001), and 
was collected after every training session and match, whether sessions were individual 
or team based. RPE and duration were recorded on a purpose built App (Appendix 5), 
installed on the players’ phone, to avoid external influences (Scantlebury et al., 2018). 
For team sessions, the coach recorded the duration and type, whilst for individual 
sessions, the players recorded, through their app, the session duration and type. Where 
multiple sessions were completed in a day, the sRPE loads were summed to give a 
daily training load (AU) (Table 2). Recovery days were noted as 0 (Esmaeili et al., 
2018a). All training load indices were derived from sRPE, using rolling weekly 
analysis (Table 4). The calculation of all indices and their scaled units are presented 
in Table 2. RPE has been found to be a reliable and valid method of quantifying 
exercise intensity in soccer (Impellizzeri et al., 2004). 
7.3.3.2 Upper Respiratory Tract Infection (URTI) 
In addition to training load, players subjectively reported, on their mobile phone app 
(Appendix 6), daily feelings of illness, prior to training by answering the following 
question: ‘Do you feel unwell/sick?’. If a player answered yes, they were brought to a 
further form to complete the following questions shown in Table 14 (Fricker et al., 
2005). 
An URTI was classified as lasting two or more days, with players presenting at least 
two of the following symptoms: a runny nose, nasal congestion, headache, sore throat, 
sneezing, stuffy nose, cough, nasal discharge, tight or wheezy chest, malaise, and 
chilliness (Fahlman & Engels, 2005; Tsai et al., 2009). If the player met the criteria of 
2+ symptoms for 2+ days (Fahlman & Engels, 2005; Tsai et al., 2009), the researcher 
followed up with the player to ensure it was an URTI and not another illness (e.g. 






Table 14. Subjective reporting of illness on a purpose built app. 
Question Answer/options 
Affected system URTI, lower respiratory tract infection, gastrointestinal, 
dental, psychological / psychiatric, allergic reaction, 
metabolic (hypothermia), skin infection or other.  
 
How many DAYS did it 
last?  
Box was blank for players to write in how many days their 
symptoms had lasted.  
How did it affect your 
daily activity (including 
training)? 
1- No impact on your daily activity 
2- Some impact on your daily activity 
3- A significant decrease in daily activities.  
 
Tick any of the following 
symptoms. 
 
Note: Symptoms were 
collected to ensure the 
players ticked the correct 
affected system. 
Cough, runny nose, nasal congestion, headache, sore throat, 
sneezing, stuffy nose, chilliness, malaise (general feeling of 
discomfort, illness, or unease), tight or wheezy chest, raised 
temperature (fever), vomiting, stomach cramps, pain, ache or 
soreness, fatigue, lack of energy, mood/sleep disturbance, 
anxious or depressed, weight loss, chest pain and diarrhoea. 
 
Have you seen a doctor? 
 
Yes / No 
 
7.3.4 Lag period analysis 
The lag period for the current study was analysed daily using a sequential assessment, 
1 to 7 days prior to an URTI. The reason for a sequential assessment was due to rolling 
weekly training load data being used. If set lag periods e.g. 3-day or 7-day were 
analysed, training load data would be omitted. For clarification, lag period in the 
current study was classified as at least 24 hours preceding an URTI (Table 4). For 
example, if an URTI occurred on a Friday, 1-day lag would be the preceding 
Wednesday (Table 4). This was to ensure there was a 1-day (24-hour) lag period before 
the potential URTI, as daily training load data were summed at the end of each day. 
7.3.5 Statistical Analysis 
All statistical analyses were conducted using MLwin software (version 3.01). 
Descriptive statistics were calculated for all variables, and assumptions for parametric 
analysis were explored. OR and 95% CI were calculated. Where an OR was greater 




odds of an illness was reported (Rogalski et al., 2013). A multilevel logistic regression, 
level 1 (days) and level 2 (players), was used to analyse the association between URTI 
(dependent variable) and training load indices (independent variable). Training load 
indices were scaled by the units as shown in Table 2. Significance levels were set at p 
≤0.05. 
7.4 Results 
Over the 40-week period, 22 illnesses were recorded from the 15 players included in 
this study. URTIs were the highest occurring illness over the season (n=10; 45%). The 
URTI lasted a minimum of 2 days and maximum of 10 days, with the average URTI 
lasting 4 days. Of the 10 reported URTI, 9 highlighted the URTI had ‘some impact on 
their daily activity’, which included training. 
The results of the multilevel logistic regression analysis, used to identify associations 
between a number of training load indices and an URTI, are shown in Table 15. There 
was a significant association found between URTIs and 2-week cumulative load 3 
days prior to an URTI (OR=2.07, 95% CI=0.026-1.431; p=0.042) (Table 15). Where 
2-week cumulative load increased by 1-unit (1000 AU) over 3142 AU (e.g. 3142 to 
4142 AU) a player was at a 73% increased risk of contracting an URTI 3 days’ later. 
There was a significant association found between 3-week cumulative load and an 
URTI, 4 days prior to the incidence of an URTI (OR=1.66, 95% CI=0.013–1.006; 
p=0.044) (Table 15). Additionally, where 3-week cumulative load increased by 1-unit 
(1000 AU) over 4723 AU (e.g. 4723 to 5723), 4 days’ later a player was at a 51% 
higher risk of contracting an URTI. 
No significant association was found between the remaining training load indices 
(acute, chronic, week-to-week acute load change, ACWR, EWMA ACWR, 4-week 
cumulative load, training monotony, or strain) and URTIs across the daily lag periods 





Table 15. Odds ratio (OR) and 95% Confidence Intervals (95% CI) across daily lag period (1 to 7 days) from the multilevel analysis of all training 





































Beta -6.015 -0.004 0.001 -0.813 0.740 -0.010 -0.050 0.501 0.342 0.284 -0.017 -0.040  
SE 0.461 0.129 0.053 0.433 0.904 0.088 0.114 0.346 0.248 0.198 0.117 0.351  
Low 95% CI -6.918 -0.257 -0.103 -1.663 -1.032 -0.182 -0.273 -0.177 -0.144 -0.105 -0.247 -0.727  
High 95% CI -5.112 0.250 0.104 0.036 2.511 0.161 0.173 1.180 0.828 0.672 0.213 0.647  
z-score -13.057 -0.030 0.009 -1.878 0.819 -0.119 -0.437 1.448 1.379 1.434 -0.145 -0.114  
P-value <0.05 0.976 0.992 0.061 0.413 0.905 0.662 0.148 0.168 0.152 0.885 0.910  




Beta -6.015 0.044 0.029 -0.662 0.734 0.028 -0.038 0.645 0.446 0.306 -0.034 0.003  
SE 0.461 0.124 0.054 0.436 0.906 0.084 0.114 0.354 0.251 0.199 0.121 0.342  
Low 95% CI -6.918 -0.198 -0.077 -1.516 -1.042 -0.136 -0.262 -0.049 -0.046 -0.084 -0.270 -0.668  
High 95% CI -5.112 0.286 0.135 0.191 2.510 0.192 0.186 1.339 0.938 0.696 0.203 0.673  
z-score -13.057 0.355 0.531 -1.518 0.810 0.334 -0.336 1.822 1.777 1.538 -0.278 0.009  
P-value <0.05 0.722 0.596 0.128 0.418 0.738 0.737 0.069 0.075 0.124 0.781 0.994  




Beta -6.015 0.022 0.043 -0.602 0.896 0.003 -0.026 0.729 0.516 0.262 -0.051 -0.054  
SE 0.461 0.126 0.055 0.437 0.913 0.086 0.115 0.358 0.254 0.198 0.124 0.353  
Low 95% CI -6.918 -0.226 -0.064 -1.458 -0.894 -0.167 -0.251 0.026 0.019 -0.126 -0.294 -0.746  
High 95% CI -5.112 0.269 0.150 0.254 2.685 0.172 0.199 1.431 1.013 0.651 0.192 0.638  
z-score -13.057 0.170 0.786 -1.378 0.981 0.033 -0.230 2.036 2.031 1.323 -0.413 -0.153  
P-value <0.05 0.865 0.431 0.168 0.327 0.974 0.818 0.042* 0.042* 0.186 0.680 0.878  







Beta -6.015 0.189 0.040 -0.419 0.611 -0.035 -0.141 0.567 0.509 0.189 -0.134 -0.152  
SE 0.461 0.113 0.054 0.438 0.910 0.090 0.110 0.347 0.253 0.197 0.134 0.370  
Low 95% CI -6.918 -0.033 -0.067 -1.278 -1.173 -0.211 -0.357 -0.113 0.013 -0.197 -0.397 -0.877  
High 95% CI -5.112 0.410 0.146 0.440 2.394 0.140 0.075 1.248 1.006 0.575 0.128 0.573  
z-score -13.057 1.671 0.733 -0.957 0.671 -0.394 -1.278 1.634 2.012 0.959 -1.002 -0.411  
P-value <0.05 0.095 0.464 0.339 0.502 0.694 0.201 0.102 0.044* 0.337 0.316 0.681  




Beta -6.015 -0.169 0.045 -0.234 0.791 -0.030 -0.077 0.484 0.424 0.154 -0.102 -0.088  
SE 0.461 0.160 0.054 0.440 0.917 0.089 0.113 0.341 0.250 0.197 0.131 0.358  
Low 95% CI -6.918 -0.483 -0.062 -1.096 -1.006 -0.205 -0.298 -0.184 -0.066 -0.231 -0.358 -0.789  
High 95% CI -5.112 0.145 0.151 0.629 2.588 0.145 0.144 1.152 0.915 0.540 0.154 0.612  
z-score -13.057 -1.056 0.820 -0.532 0.863 -0.339 -0.686 1.419 1.696 0.782 -0.783 -0.246  
P-value <0.05 0.291 0.412 0.595 0.388 0.735 0.493 0.156 0.090 0.433 0.434 0.805  




Beta -6.015 -0.083 0.085 0.148 1.037 0.018 -0.019 0.552 0.471 0.161 -0.019 0.161  
SE 0.461 0.142 0.056 0.442 0.925 0.085 0.115 0.343 0.253 0.197 0.118 0.302  
Low 95% CI -6.918 -0.361 -0.026 -0.719 -0.776 -0.149 -0.244 -0.119 -0.024 -0.225 -0.249 -0.430  
High 95% CI -5.112 0.195 0.195 1.015 2.850 0.186 0.206 1.224 0.966 0.547 0.211 0.753  
z-score -13.057 -0.584 1.498 0.335 1.121 0.215 -0.166 1.609 1.862 0.817 -0.160 0.533  
P-value <0.05 0.559 0.134 0.738 0.262 0.829 0.868 0.107 0.062 0.414 0.873 0.593  




Beta -6.015 -0.076 0.099 0.217 1.020 -0.012 0.039 0.618 0.443 0.140 -0.007 0.281  
SE 0.461 0.141 0.057 0.441 0.927 0.088 0.117 0.345 0.252 0.196 0.115 0.267  
Low 95% CI -6.918 -0.351 -0.013 -0.648 -0.797 -0.184 -0.191 -0.058 -0.051 -0.245 -0.232 -0.242  
High 95% CI -5.112 0.200 0.212 1.082 2.838 0.160 0.268 1.294 0.938 0.525 0.218 0.804  
z-score -13.057 -0.540 1.732 0.492 1.100 -0.136 0.329 1.791 1.758 0.714 -0.065 1.052  
P-value <0.05 0.590 0.083 0.623 0.271 0.892 0.742 0.073 0.079 0.475 0.948 0.292  
OR Exp(B)  0.927 1.105 1.242 2.773 0.988 1.039 1.855 1.557 1.150 0.993 1.324  





This was the first study to conduct a longitudinal research project investigating the 
association between a number of training load indices and URTI, across daily lag 
periods in elite soccer players. The purpose of this study was to provide coaches and 
practitioners with practically applied results that may potentially indicate a player at a 
higher risk of contracting an URTI; as an URTI may lead to performance decrements, 
missed training sessions or competitions. The results in the current study found that a 
player was at a higher risk of contracting an URTI (OR= 2.07) 3 days’ later with a 
high 2-week cumulative load (1-unit (1000 AU) over 3142 AU). Additionally, it was 
found that 3-week cumulative load (1-unit (1000 AU) over 4723 AU) also associated 
with an increased risk of a player contracting an URTI 4 days’ later (OR= 1.66). No 
other training load indices (acute, chronic, week-to-week acute load change, ACWR, 
EWMA ACWR, 4-week cumulative load, training monotony or strain) were found to 
associate with URTIs. 
Interestingly, 2-week cumulative load, which was found to associate with an increased 
risk of an URTI 3 days’ later, had a higher OR (2.07) than 3-week cumulative load 4 
days prior to an URTI (OR=1.66). These findings indicate that a player was at a higher 
risk of contracting an URTI 3 days’ later if they had a high 2-week cumulative load, 
compared to a high 3-week cumulative load. Furthermore, the more detailed analysis 
for 2-week cumulative load found that 6 of the 10 reported URTIs were >3500 AU. 
Despite the fact that 2-week cumulative load OR was higher than 3-week cumulative 
load, a significant association was still found between 3-week cumulative load and an 
increased risk of a player contracting an URTI (OR=1.66, p=0.044). This means 3-
week cumulative load may still be used by coaches, as the OR was greater than 1, 
which indicates a player was still at an increased risk of an URTI. The more detailed 
analysis for 3-week cumulative load, found 7 of the 10 reported URTIs were >5193 
AU. For a coach, these findings indicate that if 2-week cumulative load was >3500 
AU, a player was at a greater risk of contracting an URTI, 3 days’ later. Additionally, 
if 3-week cumulative load was >5193 AU, a player was also at a greater risk of 
contracting an URTI 4 days’ later. 
Martin et al. (2009) review paper on ‘exercise and respiratory tract viral infections’ 




Novas et al. (2003) found higher training loads resulted in higher incidences of URTIs 
in tennis players over a 12-week period. The current study found a high 2- and 3-week 
cumulative load, which may be interpreted as accumulated (prolonged) load, also 
associated with incidences of URTIs. These results could indicate that the accumulated 
training load may have resulted in cumulative fatigue (Williams et al., 2017a), due to 
a player having insufficient recovery, which can lead to an immune system 
compromise (Papacosta & Gleeson, 2013). Thus, increasing the potential risk of an 
URTI. Interestingly, Moreira et al. (2013a) found that a decrease in training load 
(~50%), after an intense period of training, was accompanied with a reduction in 
incidences of URTIs in futsal players over 4 weeks. These findings may have practical 
implications for coaches, who can monitor 2- and 3-week cumulative loads to ensure 
high training loads are not prolonged, and thereby reducing the risk of a player 
potentially contracting an URTI. 
Contradictory to the findings of the current study, Piggott et al. (2009) found that a 
>10% increase in acute load and training monotony increased the risk of all types of 
illness in AFL players, over a 15-week pre-season period. Similarly, Putlur et al. 
(2004) found that a proceeding spike in training load, monotony or strain increased 
the risk of illness in female soccer players, over a 9-week collegiate season. In contrast, 
Anderson et al. (2003) found no relationship between training load and illness, in 
collegiate basketball players, over a 21-week period. However, each of these studies 
(Anderson et al., 2003; Piggott et al., 2009; Putlur et al., 2004) examined all illnesses 
combined, e.g. lower respiratory tract infection, gastrointestinal and URTI, and did 
not solely analyse URTIs, as did the current study. This is a potentially important 
distinction, as previous research has found an association between training load and 
URTIs (Moreira et al., 2013a; Novas et al., 2003), which has been reported as the most 
common illness in soccer, and may have a negative impact on the players performance 
(Orhant et al., 2010). This was one of the reasons why the current study was conducted.  
The lack of association between the remaining training load indices and URTI in the 
current study compared to the previous research (Moreira et al., 2013a; Novas et al., 
2003), may be due to the acute nature of data collection. Data were collected over 
acute periods, (12 weeks; Novas et al., 2003), or during acute intense periods of 
training (4 weeks; Moreira et al., 2013a), while the current study collected and 




Interestingly, Tiernan et al. (2020) found no association between acute or chronic 
training load and URTIs in elite academy Rugby union players, during a pre-season 
training period (10 weeks). These findings support the current study’s results, where 
no association was found between the remaining training load indices (including acute 
and chronic) and URTIs. However, training load data were analysed in weekly blocks 
rather than rolling weekly training load data, and no lag periods were analysed in these 
studies (Moreira et al., 2013a; Novas et al., 2003; Tiernan et al., 2020), meaning 
training load data may have been omitted. Additionally, different calculations for 
training load were used, energy expenditure (Novas et al., 2003), and a limited number 
of training load indices were analysed; acute (Cunniffe et al., 2011; Novas et al., 2003) 
or acute and chronic (Tiernan et al., 2020). This may also highlight why previous 
research found contrasting results. It should be noted, in the current study, that the 
illness and training load data were provided to the coaches, but no interpretation or 
recommendations were provided by the principle researcher (C.T.). However, the 
implications of this may mean the coaches possibly used the data to appropriately plan 
training to ensure sufficient recovery and reduce the risk of an URTI. Previous 
research has found that appropriately planned training load, ensuring sufficient 
recovery, can reduce the incidences of URTIs (Moreira et al., 2013a). However, 
further research is required to explore if incidences of URTI differ between coaches 
with access to all data (ability to appropriately adjust training load) compared to 
coaches who did not. 
This study was designed to be an exploratory study using multi-level analysis, as no 
previous research had examined the association between URTI and training load 
indices across a number of lag periods. Due to this being the first study, it was 
appropriate to conduct 7-day lag periods with a number of training load indices. 
However, it should be highlighted that with multiple comparisons, there was a 
potential increased risk of type 1 error. A limitation of the multilevel analysis software 
was that a correction for the multiple comparisons, e.g. Bonferroni, could not be 
conducted, which corrects for a type 1 error. However, in light of this, the significant 
findings, 2-week (3-day lag) and 3-week (3 and 4-day lag), show that the results were 
not of a random pattern, i.e. they were not sporadic, or appear in an irregular manner. 
The significant results were clustered around 2-week and 3-week cumulative load at 




of random results may be data found to be significant at 7-day lag for chronic load and 
then 1-day lag for acute load, where there is no pattern and data is an irregular manner. 
Furthermore, type 1 error is commonly referred to as a ‘false positive’, which means 
data is found to be significantly associated when in reality it is not. In the case of this 
study, it can be seen (Table 15) that the majority of findings point to accepting the null 
hypothesis, i.e. no association between the training load indices and URTI. 
Additionally, the results from this study support the findings from the previous study 
(study 4), where no association was found between URTI and acute or chronic training 
load, in Rugby players over a pre-season period. Therefore, it is reasonable to suggest 
that, while type 1 error is a concern, there is a consistency in the significant findings 
reported, and overall, the analyses largely accept the null hypothesis, indicating no 
‘false positive’ results. Whilst the sample size may appear to be relatively small, it 
should be noted that the number of players for the current study represented the full 
senior team (n= 15), who were with the club for the entire season. Additionally, there 
were a large number of data points per player (280 observations) over the 40-week 
period, which is a strength of this study. However, the low number of URTIs found in 
this cohort of players, means the results in the current paper must be interpreted with 
care. It should also be highlighted that there are a number of factors that may influence 
the contraction of an URTI. These include exposures to different bacteria/pathogens, 
individual immune responses (Gleeson et al., 2000), other sick teammates that train in 
close proximities (Fahlman & Engels, 2005), and the personal hygiene of players (e.g. 
washing hands, sharing water bottles). These other factors draw attention to the fact 
that training load cannot be solely used to reduce the risk of an URTI. Previous 
research has found that sIgA may be a predictor of URTI (Mortatti et al., 2012; Neville 
et al., 2008; Orysiak et al., 2017; Tiernan et al., 2020), which implies that a 
combination of training load monitoring (2- and 3-week cumulative load) and other 
markers (e.g. sIgA) may be used to reduce the risk of a player contracting an URTI. 
However, further research is required in this area. 
The data represents a particular cohort of players, as data were collected from one 
team over a season, which may be another reason for the low number of URTIs. 
Further research is required with a larger sample size (multiple teams), over several 
seasons, to further investigate the association between training load indices and 




this study. Future research should include external and internal training load metrics 
in their investigations, to provide further insight into a player’s training load and 
association with URTIs. 
7.6 Conclusion  
The results found both a high 2-week and 3-week cumulative load associated with an 
increased risk of an URTI, in elite soccer players. The remaining training load indices 
(acute, chronic, ACWR, EWMA ACWR, training monotony and strain) were found 
to have no significant association with an URTI. These results imply that the 
appropriate prescription and management of training load, specifically 2- and 3-week 
cumulative load, may help reduce the risk of players developing an URTI. This is 
beneficial for a coach as an URTI may lead to performance decrements, missed 
training sessions or even competitions. 
7.7 Practical Application 
Two-week cumulative load was found to associate with an URTI at a higher OR (2.07) 
than 3-week cumulative load (OR=1.66). This indicated a player was at a higher risk 
of contracting an URTI, 3 days’ later, with a high 2-week cumulative load (> 3500 
AU). However, a player was still at an increased risk of contracting an URTI, 4 days’ 
later, with a high 3-week cumulative load (> 5193 AU). For a coach, these results 
suggest that the regulation and modification of both 2-week and 3-week cumulative 
load may be used to help try to reduce the risk of a player contracting an URTI, which 

















8.1  Summary 
The aim of this programme of research was to evaluate the association between 
monitoring markers of recovery and training load, and to explore the relationship 
between training load, injury and illness in elite team sports. More specifically, the 
objectives of this programme of research were to investigate the association between 
selected subjective and objective markers of recovery, and to investigate the 
association between these objective markers (salivary biomarkers and adductor 
squeeze strength) and training load. Additionally, this programme of research explored 
the relationship between training load, injuries (contact and non-contact), and illness 
(URTI). Every athlete will respond differently to training, indicating there is 
individual variability in training response and adaptation (Main & Grove, 2009). As a 
consequence, the use of a variety of internal and external, including subjective and 
objective, monitoring markers are essential to help coaches and practitioners 
appropriately plan or adjust a periodised training programme catering for individual 
player needs. Data collection, in the current study, was conducted over a longitudinal 
period with a higher frequency compared to previous research, which allowed for the 
investigation of patterns, trends, week-to-week and daily analysis of training load in 
association with objective markers of recovery, injury and illness. The results from 
this programme of research found that each monitoring marker of recovery (subjective 
or objective) evaluated specific elements of a player’s recovery/training response, 
highlighting the importance of an integrated and holistic approach to any effective 
player monitoring system.  
Subjective markers of recovery have been found to be more sensitive to acute load 
than objective markers (Saw et al., 2015). However, little is known about the 
association between subjective and objective markers of recovery, which is important 
for coaches, practitioners and players themselves, to provide a comprehensive view of 
a player’s recovery status, as recovery is multifactorial (Kellmann, 2010). This 
indicates that subjective markers on their own may not provide a holistic view of the 
player’s recovery status (Halson, 2014; Thorpe et al., 2017a), as these markers provide 
information on how an individual perceives their physical and psychological state 
(Jones et al., 2017), while objective markers measure the load placed on the individual 




not have sufficient data to appropriately plan and adapt training load, and ensure 
adequate recovery to help optimise performance if just subjective markers of recovery 
are used. The results from the current programme of research (study 1 and 2, research 
objective 2) found that the subjective markers of recovery, perceived fatigue (r=-
0.335, R2 =11.2%, p <0.001) and muscle soreness (r=-0.277, R2=7.7%, p <0.001) were 
significantly associated with the objective adductor squeeze strength marker (study 2). 
These findings indicated that as adductor squeeze strength decreased, a player’s 
perceived fatigue was greater, as was their rating of muscle soreness. The remaining 
subjective markers of recovery, physical recovery, energy levels and stress levels did 
not associate with adductor squeeze strength. It should be highlighted that a weak 
association and a low shared variance (R2) was found, suggesting that caution should 
be taken when interpreting these findings, as other factors may influence the results. 
These factors could include; previous injury, age, range of motion (Lovell et al., 2012) 
and a player’s motivation (Marcora, 2009). Interestingly, no association was found 
between the subjective markers of recovery (muscle soreness, fatigue, physical 
recovery and energy levels) and salivary cortisol in Rugby union players (study 1). 
Buchheit et al. (2013) also found no association between salivary cortisol and the 
wellness markers, perceived fatigue, sleep quality, general muscle soreness, stress 
levels and mood, in AFL players over a 2-week training camp. Furthermore, Guilhem 
et al. (2015) found no significant correlation between the psychological component of 
fatigue from POMS, and salivary cortisol. However, in the current study, it was found 
that perceived fatigue significantly increased on two Fridays (week 5 and 10) where 
salivary cortisol also significantly increased, which possibly indicated that as a 
player’s physiological stress increased, so did their perceived level of fatigue.  
Adductor squeeze strength was found to associate with training load; in contrast, 
salivary cortisol did not (research objective 1). This finding is supported by previous 
research, which found no significant association between training load and salivary 
cortisol, even with fluctuations in training load (Agostinho et al., 2017; Guilhem et al., 
2015; Moreira et al., 2013a; Nunes et al., 2014). Interestingly, over the 10-week pre-
season study, salivary cortisol was found to be significantly elevated on two Mondays, 
after a Rugby match at the weekend. This indicated that a player may not have 
recovered from the match. These findings highlight that certain objective markers of 




in weekly training load but still provide an alternative perspective of a player’s training 
response/recovery status (Halson, 2014; Hills & Rogerson, 2018; Thorpe et al., 
2017a). This may help a coach or practitioner to suitably plan training sessions as part 
of a holistic player monitoring programme. The use of a holistic player monitoring 
system, including subjective and objective markers of recovery and training load, has 
been supported by previous research (Edwards et al., 2018; Govus et al., 2018; Thorpe 
et al., 2017a; Twist & Highton, 2013) to provide coaches, practitioners and athletes 
with a comprehensive assessment of a player’s recovery response (Kellmann, 2010). 
This may help coaches make evidence based informed decisions on a player’s training 
status, to appropriately plan training and ensure sufficient recovery (Halson, 2014; 
Jones et al., 2017), thus, eliciting positive training adaptations (Piggott et al., 2009). 
Monitoring athletes longitudinally is essential to ensure adequate evaluation of the 
individual athlete’s response to demands of training and competitions (Kellmann, 
2010). It also provides the ability to assess changes over time and identify any possible 
trends or sequence of events occurring, and relate these events to a particular exposure 
(Caruana et al., 2015). Furthermore, it provides an opportunity to explore within player 
trends and patterns over a season for each individual player, which may provide further 
information on a player’s response to training. Results from the current studies (study 
3 and 5, research objective 3 and 4) found a number of training load indices associated 
with injuries (contact and non-contact), and illness (URTI, the most common illness 
in soccer players (Orhant et al., 2010), across an entire season,40 weeks). Non-contact 
injuries were found to be associated with week-to-week acute load change (OR=1.97, 
p=0.025), ACWR (uncoupled) (OR=1.14, p=0.003), and EWMA ACWR (OR=1.35, 
p <0.001). Contact injuries were found to be associated with 2-week (OR=1.77, 
p=0.043) and 3-week cumulative loads (OR=1.55, p=0.030), and EWMA ACWR 
(OR=1.30, p=0.013). These findings indicate that an increase in acute training load 
and accumulated load associated with an increased risk of an injury (contact or non-
contact), in soccer players. It was important to distinguish between contact and non-
contact injuries, as previous research has stated that contact injuries are generally more 
severe than non-contact (Brooks et al., 2008; Jones et al., 2017), and non-contact 
injuries are often viewed as preventable (Gabbett & Jenkins, 2011). This may help a 
coach with the understanding, preparation, planning and alteration of training load to 




important to provide further insight into the association between training load indices 
and contact injuries (Bowen et al., 2017; Griffin et al., 2019; Jones et al., 2017). It 
should be noted that these findings are indicators and not predictors of injury. Injuries 
are not caused by a single event; it is a result of a complex interaction between internal 
and external factors (Bahr & Holme, 2003; Meeuwisse, 1994). Internal factors such as 
age, flexibility, history of injury, biomechanics and conditioning (Arnason et al., 2004; 
Colby et al., 2017; Esmaeili et al., 2018a; Malone et al., 2016; Windt et al., 2017b), 
have been noted as predisposing individuals to an injury (Bahr & Holme, 2003; 
Meeuwisse, 1994). External factors such as equipment, weather conditions, playing 
surface (Meeuwisse, 1994), and shoe traction (Bahr & Holme, 2003), were reported 
as enabling factors (Meeuwisse, 1994). The multifactorial nature of injuries further 
highlights a single monitoring marker (e.g. training load) may not provide sufficient 
information on a player’s injury risk (Bahr & Holme, 2003; Meeuwisse, 1994). 
Therefore, coaches, practitioners and players should be aware that while training load 
was found to associate with injury risk, it is part of a more complex interaction 
between a number of internal and external factors.  
The results from study 5 (research objective 4) found that an increase in the risk of 
contracting an URTI significantly associated with cumulative load (2- and 3-week), in 
soccer players over an entire soccer season (40 weeks). Interestingly, in the pre-season 
study with Rugby union players (10 weeks), no association was found between sIgA, 
URTI and the training load indices; acute and chronic (study 4, research objective 4). 
A possible contributing factor for the lack of association between training load and 
URTI in study 4, may be due to the fact training load data were analysed in weekly 
blocks, rather than rolling weekly training load, which may have omitted data, as it 
could not account for the exact day prior to an URTI (Table 4).  However, study 5 also 
found no association between acute and chronic load and URTI. This highlights that a 
longitudinal study design may have provided a greater opportunity to investigate 
trends over time, and the ability to identify the event (URTI) to a particular exposure 
(Caruana et al., 2015). Additionally, the longitudinal research, allowed for the analysis 
of a number of different training load indices, which may not have been able to be 
analysed in the pre-season study due to calculation methods, e.g. cumulative load, 
which was found to associate with URTIs in study 5. However, study 4 did find that 




URTI within the subsequent 2 weeks. It should be noted that all data in this programme 
of research were provided to the coaches, support staff and players. No feedback was 
given on the data, and coaches made informed decisions based on their expertise. 
These results, a decrease in sIgA by 65% or more and a high 2 and 3-week cumulative 
load, may provide information for a coach to help reduce the risk of an URTI 
occurring, which in turn may reduce missed training days or even competitions. It may 
also help ensure optimisation of training and performance of the individual and team, 
as one player missing from a team, may affect the teams strategy (Ekstrand et al., 
2004) and training intensity. 
This programme of research was underpinned by the adapted version (Chiu & Barnes, 
2003; Cunanan et al., 2018) of Selye’s GAS model (Selye, 1956). However, instead 
of focusing on one of the 3 stages: alarm, resistance or exhaustion (Figure 1), these 
studies (1-5) aimed to focus on the ‘recovery phase’ between the alarm and resistance 
stages. The ‘recovery phase’ is important as it may help a coach ensure a player has 
sufficient recovery to reach the resistance stage (supercompensation), where a player’s 
level of adaptation increases, thus optimising adaptation and eliciting improved 
performance (Cunanan et al., 2018). However, if a player is not monitored within the 
recovery phase to ensure sufficient recovery, they may reach the exhaustion stage, 
which can lead to non-functional overreaching or overtraining. Additionally, within 
this stage a player can experience performance decrements lasting weeks-months, 
injury and/or illness (Cunanan et al., 2018; Kellmann, 2010; Meeusen et al., 2013). It 
is important to identify a player before they reach the exhaustion stage, because once 
they are in this stage it can take months to years to recover, depending on whether a 
player is ‘diagnosed’ with non-functional overreaching, UUPS or the overtraining 
syndrome (Cunanan et al., 2018; Kellmann, 2010; Meeusen et al., 2013). Additionally, 
the early identification and management of recovery may help prevent detrimental 
physiological adaptations, which can be associated with injury and illness (Drew et 
al., 2016; Edwards et al., 2018; Windt & Gabbett, 2016). Therefore, the combined use 
of these monitoring markers found in the current studies (salivary cortisol, sIgA, 
adductor squeeze strength, subjective markers of recovery and training load) may 
provide a holistic view of a player’s training and recovery status, to try and reduce the 
likelihood of a player reaching the ‘exhaustion stage’. Furthermore, by using these 




sufficient recovery, to try and help the player progress from the ‘alarm stage’ to the 
‘resistance stage’, to optimise performance and reduce the risk of injury and illness.  
The studies also support that training load should be progressively and systematically 
increased, based on Selye’s GAS model (Cunanan et al., 2018). The GAS model 
(Selye, 1956) is initiated by the alarm stage (initial decrease in performance) followed 
by an increase in the player’s level of adaptation (resistance stage), after an application 
of a stressor (e.g. training) with sufficient recovery. However, if the stressors are 
prolonged or the dose is too high, it may result in exhaustion (Figure 1 and 2) (Cunanan 
et al., 2018). This is due to the imposed stress being greater than the player’s adaptive 
reserves. The exhaustion stage can lead to performance decrements, injury and illness 
(Cunanan et al., 2018; Kellmann, 2010; Meeusen et al., 2013). However, as previously 
mentioned, it was also highlighted that the training stressors (i.e. training load) should 
be gradually and systematically increased, incorporating sufficient recovery (Cunanan 
et al., 2018). This will elicit positive training adaptations and reduce the likelihood of 
reaching this stage, which may lead to an injury, illness or overtraining (Cunanan et 
al., 2018; Kellmann, 2010). The findings from the current studies (study 3 and 5) 
support this theory. If training load was progressed too quickly from week-to-week 
(>9%) a player was at an increased risk of a non-contact injury. Additionally, if 
accumulated training load (2 weeks and 3 weeks) was too high (i.e. prolonged), a 
player was at an increased risk of a contact injury and/or contraction of an URTI. 
These findings highlight that if training stress (load), is not adjusted appropriately this 
may lead a player to being at an increased risk of a contact or non-contact injury and 
URTI. Therefore, coaches may use these results to help appropriately plan training to 
ensure sufficient recovery and reduce the potential risk of a player contracting an 
URTI or sustaining an injury. 
The results from the current studies highlight that an integration of subjective and 
objective monitoring markers of recovery are essential in providing a coach with a 
comprehensive view of a player’s training/recovery status, to help make informed 
decisions on appropriately planning training and ensuring sufficient recovery. The 
subjective markers found in this programme of research (perceived fatigue and muscle 
soreness) may provide internal information on how the player perceives their body to 
be responding to training, i.e. their recovery status (Saw et al., 2015; Thorpe et al., 




player, coaches and support staff, and enhance a player’s awareness of their own 
recovery status (Halson, 2014). This may help to improve a player’s feeling of 
involvement and confidence in the training programme, to increase their sense of 
ownership and ultimately enhance their performance (Halson, 2014). Furthermore, a 
number of previous studies found subjective markers of recovery reflect acute training 
related changes (Gallo et al., 2017; Gastin et al., 2013; Thorpe et al., 2016; Thorpe et 
al., 2017b), thus meaning a coach may appropriately alter training load. However, it 
should be highlighted that the remaining subjective markers (energy levels, physical 
recovery and stress levels) did not associate with salivary cortisol or adductor squeeze 
strength. This does not mean these subjective markers should not be used, as the 
current studies investigated the association between subjective and objective markers 
of recovery, due to limited research in this area, and did not explore the relationship 
between subjective markers and training load, like in previous research (Gallo et al., 
2017; Gastin et al., 2013; Govus et al., 2018). This further indicates that a number of 
subjective and objective markers are required to provide coaches and practitioners 
with information on a player’s recovery response, due to the multifactorial nature of 
recovery (Kellmann, 2010). 
The objective markers studied in this programme of research include; sIgA, which 
represents a player’s immune response, salivary cortisol, and adductor squeeze 
strength, which provides data on the physiological load placed on the player (Djaoui 
et al., 2017; Jones et al., 2017; Saw et al., 2015). Each marker depicts different internal 
(e.g. saliva biomarkers) or external (e.g. adductor squeeze strength) data, to present a 
collective view of a player’s recovery response. However, these objective markers 
combined with subjective markers of recovery ensure different components of a 
player’s recovery status are accounted for, as recovery is multifactorial (Kellmann, 
2010). Recovery is a complex process, which involves both physiological and 
psychological responses (Hills & Rogerson, 2018; Kellmann, 2010; Twist & Highton, 
2013), as players will react differently to the same training stimuli and training loads 
(Halson, 2014). This signifies that a sole monitoring marker of recovery will not 
provide a comprehensive view of a player’s recovery status (Edwards et al., 2018; 
Govus et al., 2018; Thorpe et al., 2017a). Thus, a combination of subjective and 
objective markers may be used to help optimise performance by accordingly planning 




Selye’s GAS model (Selye, 1956), where in the exhaustion stage, a number of 
potential outcomes can occur. These can include, the overtraining syndrome, non-
functional overreaching, and the risk of injury and illness (Cunanan et al., 2018; 
Meeusen et al., 2013). Each of these outcomes occur due to multiple factors, with 
individuals presenting different signs and symptoms. For example, the overtraining 
syndrome or UUPS has multiple signs and symptoms, including decrease in 
performance, depressed mood, disturbed sleep and hormonal changes (Kellmann, 
2010). This further highlights that a number of monitoring markers of recovery are 
required to reduce the risk of a player reaching this stage.  
Combining both subjective and objective markers of recovery with training load may 
provide the most comprehensive insight into a player’s recovery status (Hogarth et al., 
2015), to help reduce the risk of injury and illness, and optimise performance. This 
will encompass a multi-disciplinary approach, including the player’s feeling of 
involvement, to help with their confidence with the training programme (Halson, 
2014). Furthermore, the combination of these monitoring markers of recovery may 
help to consider the training needs in the context of each player, to individually plan 
and adjust training accordingly, ensure sufficient recovery, and therefore, optimise 
performance (Edwards et al., 2018; Halson, 2014; Hills & Rogerson, 2018; Kellmann, 
2010). 
8.2 Implications for Coaches and Athletes  
8.2.1 The Athlete 
The use of technology is rapidly expanding in sport, and there is a concern that 
technology is being mis/overused (Collins et al., 2016). This increase in technology or 
use of monitoring markers is not necessarily bad, but an issue may arise when there 
are large number of markers used in combination that cannot support the required 
training, or when these markers solely dictate the training, i.e. a coach is over reliant 
on data or monitoring markers (Collins et al., 2016). This mis/overuse of markers may 
lead to training being inappropriately planned, and so unproductive outcomes may 
arise e.g. negatively affecting performance (Collins et al., 2016; Williams & Manley, 
2014). This section will provide perspectives for both the athlete and coach, which 




As previously mentioned, monitoring markers are essential to help provide coaches 
with a comprehensive view of a player’s training and recovery response. There are a 
vast number of monitoring markers that can be collected, however, it is not appropriate 
to collect them all or keep adding more/new variables, there may be consequences for 
the players and their performance (Bartholomew et al., 2011; McCabe, 2007; Williams 
& Manley, 2014). Markers should be quick, easy to administer, non-invasive, and 
place minimal burden or additional load on the players. The markers used in the 
current programme of research (subjective markers, RPE, saliva, and adductor 
squeeze) fall under these categories. These markers helped to ensure minimal burden 
or additional load (adductor squeeze, saliva), non-invasive (adductor squeeze, saliva) 
and quick and easy to administer (subjective markers, saliva, RPE). Additionally, the 
app built for the current studies meant players could complete all data with ease 
through their phone and continue pre-training routines or conversations with 
teammates or coaches. Therefore, it would be recommended to have a mobile phone 
app, rather than paper questionnaires or completing information on laptops or tablets. 
However, it should still be taken into account that even with the aim of ensuring 
markers are quick, easy, and place minimal burden on the athletes; the players may 
still perceive the quickest and easiest monitoring markers as a burden. This is where 
communication between coaches and athletes is very important, and where athletes 
can freely communicate any concerns to the coach (Collins et al., 2016).  
It has been stated that ‘it is of the utmost importance to know your athlete’ and with 
regular monitoring this may help increase the communication between the athlete and 
coach (Lewis et al., 2015). However, collecting data and not discussing with the 
athletes may categorise the players into ‘pieces of hardware’, which may make the 
players feel like they are ‘robots’ (Williams & Manley, 2014). This can have a 
negative effect on efficiency, quality and teamwork (McCabe, 2007). Therefore, 
players should have an active and independent role in their development (Collins et 
al., 2015), which includes discussions with the coaching staff. Furthermore, players 
should view the data as an empowerment for themselves to take action and/or continue 
their pursuit of a goal (Collins et al., 2015), and to give them some responsibility for 
achieving these goals (Collins et al., 2016). To ensure this, players should be educated 
on why the markers are being collected and be able to freely communicate with the 




important aspect of this programme of research, with multiple education sessions prior 
and throughout the testing period. The education helped players to understand why the 
markers were being collected, i.e. for their benefit (to reduce the risk of injury and 
illness and to optimise their performance), and also helped with compliance. Athletes 
should be aware the coach is collecting markers to try and optimise their performance. 
Within elite sport there is a level of intrusion when collecting monitoring markers, and 
sometimes players may feel there are no boundaries (Williams & Manley, 2014). 
Monitoring markers should not encroach on the privacy of a player’s everyday life, as 
it may detrimentally influence the health and well-being of athletes (Bartholomew et 
al., 2011), and impact their performance levels (Williams & Manley, 2014). This 
means that while it is important and essential for markers to be collected, days off or 
recovery days should be the players ‘down days’, where they should not have be 
tracked, monitored, observed or have to complete forms. With all of this in mind, the 
results from this programme of research, have found monitoring markers are not 
required to be collected every day; for example salivary cortisol and sIgA were 
collected twice a week, Monday, start of the training week, and Friday, end of the 
training week. Adductor squeeze strength and subjective markers were only collected 
on training days, and no match day data were collected apart from 1 RPE value, post 
match. These findings may help highlight that athletes do not need to be monitored 
every day of the week, thus reducing the amount of data collected and burden on the 
athletes. 
8.2.2 The Coach 
Sport coaching has been defined as one that is largely dependent on decision-making 
(Abraham et al., 2006). Coaches must continually strive to get better at making 
effective decisions for specific goals (Collins et al., 2016). Within an elite 
environment, these goals are likely and understandably focused on performance 
(Collins et al., 2016). Therefore, the aim of a coach is to achieve peak performance for 
their player; however, a player’s health and welfare should be their top priority. This 
means the coach should put the player’s needs (health and welfare) ahead of 
performance (Orhant et al., 2010). Monitoring markers are meant to help coaches 
appropriately plan and adjust training and optimise performance. However, coaches 




markers may negatively affect their players, both from a performance and 
psychological perspective (Bartholomew et al., 2011; McCabe, 2007; Williams & 
Manley, 2014).  
Technology (i.e. monitoring markers) offers an opportunity to track players’ progress 
in a way that otherwise may be impossible (e.g. heart rate during performance) 
(Collins et al., 2016). It is important that coaches’ develop a long-term monitoring 
system that tracks and analyses’ trends, is regularly reviewed and refined, and provides 
regular feedback to the players (Kiely, 2012). The findings from the current 
programme of research highlight that long-term data collection/monitoring provides 
further insight into patterns and trends, which may be beneficial to coaches. For 
example, the longitudinal study (whole soccer season, 40 weeks) found that 2-week 
and 3-week cumulative load associated with an increased risk of an URTI, which was 
not found in the 10-week pre-season study. However, there are challenges for coaches 
when developing a monitoring system due to the newly emerging technologies, which 
may hold the potential to inform training plans (Kiely, 2018). These challenges include 
the natural tendency to prioritise easily available or quantifiable data, such as; times, 
HR, speeds, and distances, rather than data/markers that are more difficult to quantify, 
e.g. psycho-emotional state, cognitive load or subjective markers (Kiely, 2018). This 
means that markers should incorporate both objective and subjective aspects of a 
player’s training/recovery response, and should not be used as a ‘power’ tool that 
supersedes the human interaction between the player and coach (Williams & Manley, 
2014). The markers should be used as a guide and to start a discussion (Williams & 
Manley, 2014). The findings from the current programme of research highlight both 
objective, such as salivary cortisol and IgA, and subjective (fatigue and muscle 
soreness) markers could be included, to provide data on how the player is feeling but 
also physiological stress (salivary cortisol) or increased risk of URTI (sIgA). They 
indicate a player at a higher risk of contracting URTI or potentially not recovered from 
a match at the weekend. The word ‘indicate’ is key here and coaches must use it as a 
guide and not definitive data. 
Coaches should be using monitoring markers as a talking point, and to be aware that 
over reliance on data may make coaches lack empathy or remove any ‘gut’ feeling 
(Williams & Manley, 2014), which may impact the coaches decision on a players 




understanding of the training plan (Kim & Cruz, 2016). They should also have a ‘sense 
of purpose’, ‘sense of ownership’, and ‘sense of control’ associated with the plan (Kim 
& Cruz, 2016), which comes with combining communication between the 
player/coaches and education of why the markers are being collected. To further 
ensure communication, there should be formal and informal feedback processes, 
where players have the opportunity to voice opinions, doubts, and grievances 
(Thelwell et al., 2017). In the current program of research, weekly reports were sent 
to coaches, who could pass the information on to the players, and players could view 
their own data at any point throughout the testing period, e.g. to see their adductor 
squeeze strength scores from the previous week or day. This supportive structure 
should be throughout the training processes, training group cultures, and team 
dynamics (Collins et al., 2016). Additionally, as previously mentioned the interaction 
between coaches and players is of the utmost importance (Lewis et al., 2015). 
However, communication is also very important between the researcher, coaches, and 
players, as throughout these studies the researcher was imbedded within the elite team 
setting. All data throughout this programme of research were provided to the coaches, 
once players agreed to have their data shared. It was important that coaches understood 
that data were being collected for the teams/players benefit but also that it was a 
research project where data would not be analysed until the end of the season. This 
again comes back to education, both of players and coaching staff. 
Kiely (2018) stated that measurability does not directly reflect importance. The results 
from the current thesis highlight that salivary cortisol may be a marker of recovery 
post match, sIgA an indicator of a player at a higher risk of an URTI, and that a number 
of training load indices associated with contact and non-contact injuries, and URTI, 
all importantly aim to reduce missed training days, injuries, illness, and optimise 
performance. However, at the same time, it is imperative that the monitoring markers 
align with the sport, team and individual specific requirements, and also the 
coaches/teams goals, dynamics and situation specific tasks (Kiely, 2018). This means 
the markers need to relate to a coaches philosophy, the coach/ players’ beliefs and 
preferences, performance needs, logistical issues (i.e. players working), resource 
constraints (e.g. finances), communication frequency, availability of technologies and 
the constraints imposed by competitive schedules (Kiely, 2018). All these factors 




should also consider previous research. For example, the data from study 1, were 
collected twice a week and found that salivary cortisol indicated if a player recovered 
from a match at the weekend. Data collected twice a week may help a coach with 
logistical issues, and provide coaches with scientific evidence that bi-weekly data 
collection may be sufficient. Furthermore, saliva is non-invasive, easy to collect and 
of minimal burden, which may help with logistics and constraints on schedules. This 
programme of research also found a low shared variance between subjective markers 
of recovery and adductor squeeze strength, which highlights that there are other factors 
that may influence adductor squeeze strength. This is important for coaches to 
understand the interaction between markers and how research should be taken into 
consideration to help make evidence based decisions on the most appropriate markers 
to use.  
Once the appropriate markers have been chosen, the coach/practitioner will collect the 
data, analyse and process it, to help make informed decisions on the individual players 
training (Collins et al., 2016). It is important that the data collection is easy to 
complete, non-disruptive, and time efficient for the players but also for the coaches. 
Building an app and database like in the current studies, ensured efficiency for both 
players and coaches, and helped coaches focus on training rather than data collection. 
These monitoring systems help allow the coaches to be flexible and tolerant to change 
(Kiely, 2018). However, prior to the alteration of a player’s training session, a coach 
should discuss with the player any concerns, and explain why they might be modifying 
their session (Halson, 2014). This may help to ensure the player feels involved and 
may provide the coach with an explanation as to why their markers may be different 
to normal.  
It is unlikely the technology is the fundamental problem within elite coaching 
environments, but more so that the coach’s decision making on the amount of markers 
collected, why they are being collected, and what the data are being used for is 
inappropriate (Collins et al., 2016). The monitoring systems should be designed and 
implemented depending on context-specific considerations, such as; the coaching 
preferences, logistical limitations, and applicability of available technologies and 
metrics (Kiely, 2012). Coaches should provide meaningful information regarding the 
markers to the player, which helps promote accountability, empowerment and 




be given when the athletes are making the right decisions (Cruickshank & Collins, 
2015), to help enhance players’ understanding and their own decision helping ensure 
they can have an active and independent role in their development (Collins et al., 
2015). 
Regular monitoring is essential when considering the non-linearity that exists within 
coaching environments (Button et al., 2012), meaning coaches need to be flexible and 
adaptable to change (Kiely, 2018). Monitoring markers can help with the flexibility of 
coaches’ decisions and to optimise and push the limits of elite performance (Collins 
et al., 2016). However, extensive monitoring markers should not be used. Careful 
considerations should be employed to decide how and why monitoring markers are to 
be collected (e.g. only on a Monday to explore the player’s recovery status after a 
match at the weekend), and they should align with the team’s and individual’s goals 
(Collins et al., 2016). Furthermore, the education on why the markers are collected is 
essential for both the players and coaches. Additionally, it is important there is 
communication between the athlete and coaches but also amongst the coaching staff 
(coaches, strength and condition coaches, sport scientists, and researchers) (Williams 
& Manley, 2014). Monitoring markers could be beneficial for individual development 
(Collins et al., 2015), however there is a limit and this is where the coaches should 
make evidence based decisions on what markers will most benefit the coaching staff 
to make the appropriate decisions on a players training/recovery status, to help 
optimise their performance. It is important that the actual player’s needs are taken into 
consideration (Collins et al., 2016; Williams & Manley, 2014). 
8.3 Summary of Key Findings 
This programme of research provides additional insight into monitoring markers of 
recovery to help optimise a player’s training and performance, and reduce the risk of 
injury and illness in elite team sports. The results from the current programme of 
research also supports previous research that a single individual monitoring marker 
will not provide the required information to help identify a player’s training status, 
and reduce the risk of injury or illness. Therefore, a combination of subjective markers 
of recovery (muscle soreness, perceived fatigue) and objective markers (salivary 
cortisol, sIgA and adductor squeeze strength) with training load, may be used to ensure 




 The results from study 4 found that sIgA significantly associated with URTIs 
(Figure 15). Where sIgA decreased, the risk of contracting an URTI increased. 
These results indicated that sIgA was a predictor of URTIs in elite academy 
Rugby union players. However, sIgA did not associate with training load. 
Conversely, within the longitudinal study (Study 5) with soccer players, an 
association was found between URTI and training load. The results showed a 
player was at an increased risk of an URTI with a high 2 and 3-week 
cumulative load, respectively (Table 15). No significant association was found 
between the remaining training load indices (acute, chronic, week-to-week 
acute load change, ACWR, EWMA ACWR, 4-week cumulative load, training 
monotony, or strain) and URTIs. 
 Salivary cortisol was not found to be associated with internal training load or 
subjective markers of recovery in Rugby union players (Study 1). However, a 
significant increase on certain Mondays (post-match at the weekend) and 
Fridays, indicated increased physiological stress (Figure 5). This may have 
indicated that players did not physically recover from the match at the 
weekend. Furthermore, the increased Friday cortisol levels may have indicated 
increased physiological stress from that week’s training. 
 The results from study 2 in Rugby union players, showed a moderate negative 
association between adductor squeeze strength and perceived fatigue, and a 
weak negative association between adductor squeeze strength and muscle 
soreness. This indicated that a decrease in adductor squeeze strength scores 
associated with an increase in muscle soreness and perceived fatigue (Figure 9 
and 10, Table 9). On-feet training load and weekly training load were also 
found to have a weak association with adductor squeeze strength. As training 
load increased, adductor squeeze strength scores decreased (Figure 9 and 11 
and Table 10). 
 A number of training load indices were found to associate with injuries in 
soccer players (Study 3): 
 A soccer player was at a greater risk (68%) of a non-contact injury with 




increased risk EWMA ACWR (1-unit (0.1) over 0.97), 5 days’ later. 
Additionally, ACWR also associated with a player being at a greater 
risk (13%) of a non-contact injury 5 days’ later (Table 11, Figure 12). 
 A soccer player with a high 2-week cumulative load was at an increased 
risk (57%) of a contact injury 7 days’ later, and a 44% increased risk 
with a high 3-week cumulative load 5 days’ later. EWMA ACWR also 
associated with an increased risk (26%) of a contact injury 5 days’ later 
(Table 12, Figure 13). 
 Overall, a key finding from this study was that each monitoring marker may 
provide an insight into a specific aspect of a player’s recovery status, whether 
it is subjective (muscle soreness and perceived fatigue), objective (salivary 
cortisol, adductor strength) or an immune marker (sIgA). This indicates that 
multiple monitoring markers could be used to indicate a player’s training 
response, to help a coach/practitioner make informed decisions on how to 
adapt a player’s training. 
8.4 Study Strengths and Limitations 
A strength of this programme of research was the control and rigour of the methods 
applied to the studies. All data were collected at the teams’ training grounds, thus, 
ensuring ecological validity and reducing changes to players’ normal training 
schedule. The timing of data collection was consistent across each week, and under 
the same conditions (i.e. same room and set up). The lead researcher (C.T.) attended 
every testing and training session, and observed all testing procedures for each study 
(53 weeks), to ensure data were collected correctly and in a consistent manner. 
Furthermore, to help with compliance and ensure data were collected as efficiently as 
possible, a mobile phone app was built by the lead researcher. Additionally, salivary 
sample packets were developed for each player, which included their swab, OFC 
bottle, questionnaire sheets and a toothbrush (so they could brush their teeth after the 
sample). This was to help reduce error, ensure accuracy and consistency when players 
presented for testing. The saliva sample packets also helped with time efficiency and 
compliance of the players, as everything was ready for them so they could complete 




A further strength of the study was the involvement of the practitioners, coaches and 
support staff, ensuring that players and other coaches were educated about the use and 
benefits of the data for both the individual player and the team; this helped ensure 
compliance with the measurements and honesty in reporting data. These studies (1-5) 
also addressed the gaps in the existing research, such as the lack of research on lag 
period, rolling weekly training load data, contact injuries, a higher frequency of saliva 
collection using a stringent method. Additionally, injury and illness data were 
collected daily over a longitudinal period (entire soccer season, 40 weeks). 
Limitations: 
 The subjective markers of recovery were only collected on training days and 
not every day (training or no training), due to the agreement of testing players 
in accordance with their normal training schedule. Collecting daily subjective 
markers of recovery may provide further insight into a player’s response to 
training on their recovery days or days off. 
 The results from this programme of research may be sport-specific and may 
not transfer to other sports. 
 The lag period in the current studies did not include the interim period. The 
interim period, is the time between the proposed lag day and the incidence, e.g. 
injury or URTI. In the current studies, this meant the lag period assumed that 
the lag operated independent of the training load. For example, data were 
analysed as if the dose (i.e. -5 days from injury) was independent of the 
additional training loads that occurred between the lag day and the response 
(injury/illness). However, this was not the case as training load during this 
period may have affected the injury or illness. Study 3 and 5 did not account 
for this and so further research is required in this area. 
8.5 Practical Applications 
Based on the findings from this research, there are a number of practical applications 
that may be used by a coach or sport scientist working in a team environment. To 
evaluate the recovery status of a player, a number of monitoring markers may be used 




the subjective markers of recovery (muscle soreness and perceived fatigue), objective 
markers of recovery (salivary cortisol and adductor squeeze strength), and training 
load. Training load indices may be used to reduce the risk of a contact or non-contact 
injury. Furthermore, training load and sIgA (immune marker) may be used to reduce 
the risk of a player contracting an URTI. After appropriate analysis, these markers 
may then help coaches/practitioners make informed decisions on the player’s training 
status, to help maximise their performance and reduce the risk of injury, illness and 
underperformance. The potential practical applications are as follows: 
 sIgA may be used as an immune marker to identify if a player is at risk of 
potentially contracting an URTI. Furthermore, 2-week and 3-week cumulative 
loads were found to associate with an increased risk of a player contracting an 
URTI. These training load indices and the use of sIgA may help a coach to 
reduce the risk of a player contracting to an URTI. 
 A number of training load indices may be used to reduce the risk of a player 
sustaining a contact or non-contact injury. Week-to-week acute load change 
had the highest OR in association with non-contact injuries, and both 2-week 
and 3-week cumulative load associated with an increased risk of a contact 
injury. Furthermore, EWMA ACWR associated with both contact and non-
contact injuries. This indicates that training load should be gradually increased, 
while avoiding high cumulative loads, to reduce the risk of an injury. 
 Adductor squeeze strength may be used in combination with training load and 
the subjective markers of perceived fatigue and muscle soreness to provide a 
global picture of a player’s recovery response. This may help coaches to 
determine a player’s training status, thus optimising training adaptations. 
 Salivary cortisol may be used as a marker of physiological stress to help 
indicate if a player has recovered from the match at the weekend and/or their 
preparation for a match, by highlighting decreased levels of physiological 
stress, indicating sufficient recovery. It may be used to ensure the player’s 
physiological stress levels do not stay elevated. 
 A combination of subjective and objective markers of recovery should be used 




training status, to help optimise training adaptations and reduce the risk of 
injury and illness.  
8.6 Recommendations for Future Research 
 Future research should continue to be conducted over several seasons with 
multiple teams and sporting codes, to investigate the association between 
training load, injuries (contact and non-contact) and illness. Collecting data 
over multiple seasons with a number of teams may help provide further 
longitudinal research, to explore the potential patterns and trends of injuries 
and illness. Additionally, future studies could collect data for one season 
without providing feedback to the coach, and the following season use the data 
to provide interventions. It is important that training load data is analysed with 
rolling weekly data, and all sessions (indoor and outdoor) are included in the 
training load data, to ensure total training load is not underestimated.  
 Further research is required to explore if incidences of URTI and injury differ 
between coaches with access to all data (ability to appropriately adjust training 
load) compared to coaches who do not. This may help further explore the 
association between training load indices, injuries, and illness. 
 There is a dearth of research investigating contact injuries in team sports in 
association with training load indices and cumulative fatigue. Accumulated 
fatigue can reduce the stress-bearing capacity of the tissue (Kumar, 2001), 
increasing the risk of injury (Williams et al., 2017a). Therefore, further 
research is required to explore the relationship between contact injuries, 
training load indices and cumulative fatigue. 
 Future research should continue to investigate the timeframe (i.e. the lag 
period) between training load, injury, and illness in team sports, as there is 
currently a lack of research in this area. However, the research should 
specifically explore the interim period, where the lag period assumes that the 
lag operates independent of the training load. Studies could investigate the 
cumulated training loads within these lag periods and the various periodisation 




 Internal training load provides data for all training sessions and is accessible 
to all teams, as it is low-cost and easily implemented. However, external load 
provides different information on a player’s load metrics, e.g. distance covered 
during a match or training. It is important to identify different load metrics that 
may help a coach to appropriately plan training, ensure sufficient recovery and 
reduce the risk of injury and illness. Therefore, future research should 
investigate the association between internal and external load with salivary 
biomarkers, adductor squeeze strength, illness, and injury in team sports. This 
may provide further insight into a player’s response to specific training 
components, e.g. high speed running, and an association with their recovery 
response. 
 Further research is required to investigate sIgA and salivary cortisol, collecting 
biweekly (twice a week) samples, but over a longer training and competition 
period (i.e. a full season). To explore a player’s response to training in relation 
to different training periods, e.g. pre-season, in-season or specific 
competitions. This would allow the investigation of the physiological stress 
and immune response to training over an entire season, and specific training 
periods, i.e. periodisation. This may help coaches and practitioners to 
appropriately plan training and ensure sufficient recovery to elicit optimal 





Abbott, W., Brickley, G. and Smeeton, N.J. (2018). Physical demands of playing 
position within English Premier League academy soccer. Journal of Human Sport and 
Exercise, 13(2), 285-95. 
Abraham, A., Collins, D. and Martindale, R. (2006). The coaching schematic: 
validation through expert coach consensus. Journal of Sports Sciences, 24(6), 549-64. 
Adam, E.K. (2012). Emotion—cortisol transactions occur over multiple time scales in 
development: implications for research on emotion and the development of emotional 
disorders. Monographs of the Society for Research in Child Development, 77(2), 17-
27. 
Agostinho, M., Moreira, A., Julio, U., Marcolino, G., Antunes, B., Lira, F.S. and 
Franchini, E. (2017). Monitoring internal training load and salivary immune-endocrine 
responses during an annual judo training periodization. Journal of Exercise 
Rehabilitation, 13(1), 68-74. 
Akenhead, R. and Nassis, G.P. (2016). Training load and player monitoring in high-
level football: current practice and perceptions. International Journal of Sports 
Physiology and Performance, 11(5), 587-93. 
Alexiou, H. and Coutts, A.J. (2008). A comparison of methods used for quantifying 
internal training load in women soccer players. International Journal of Sports 
Physiology and Performance, 3(3), 320-30. 
Anderson, L., Triplett-McBride, T., Foster, C., Doberstein, S. and Brice, G. (2003). 
Impact of training patterns on incidence of illness and injury during a women's 
collegiate basketball season. The Journal of Strength and Conditioning Research, 
17(4), 734-38. 
Andrzejewski, M., Chmura, J., Pluta, B., Strzelczyk, R. and Kasprzak, A. (2013). 
Analysis of sprinting activities of professional soccer players. The Journal of Strength 




Apriantono, T., Nunome, H., Ikegami, Y. and Sano, S. (2006). The effect of muscle 
fatigue on instep kicking kinetics and kinematics in association football. Journal of 
Sports Sciences, 24(9), 951-60. 
Arnason, A., Sigurdsson, S.B., Gudmundsson, A., Holme, I., Engebretsen, L. and 
Bahr, R. (2004). Risk factors for injuries in football. The American Journal of Sports 
Medicine, 32(1), 5-16. 
Aughey, R.J. (2011). Applications of GPS technologies to field sports. International 
Journal of Sports Physiology and Performance, 6(4), 295-310. 
Bahr, R. and Holme, I. (2003). Risk factors for sports injuries—a methodological 
approach. British Journal of Sports Medicine, 37(5), 384-92. 
Baldon, R.D., Lobato, D.F., Carvalho, L.P., Wun, P.Y., Presotti, C.V. and Serrão, F.V. 
(2012). Relationships between eccentric hip isokinetic torque and functional 
performance. Journal of Sport Rehabilitation, 21(1), 26-33. 
Bangsbo, J. (1994). Physiological demands of soccer. In B. Ekblom, ed. Football 
(Soccer). London: Blackwell Scientific, 43-59. 
Bakdash, J.Z. and Marusich, L.R. (2017). Repeated measures correlation. Frontiers in 
Psychology, 8, 456. 
Banister, E.W. (1991). Modeling elite athletic performance. Physiological Testing of 
Elite Athletes, 403, 424. 
Barnett, A. (2006). Using recovery modalities between training sessions in elite 
athletes. Does it help? Sports Medicine, 39(6), 781-96. 
Bartholomew, K.J., Ntoumanis, N., Ryan, R.M. and Thøgersen-Ntoumani, C. (2011). 
Psychological need thwarting in the sport context: assessing the darker side of athletic 
experience. Journal of Sport and Exercise Psychology, 33(1), 75-102. 
Batterham, A.M. and Hopkins, W.G. (2006). Making meaningful inferences about 





Benjaminse, A., Webster, K.E., Kimp, A., Meijer, M. and Gokeler, A. (2019). Revised 
approach to the role of fatigue in anterior cruciate ligament injury prevention: a 
systematic review with meta-analyses. Sports Medicine, 49(4), 565-586. 
Bigland‐Ritchie, B. and Woods, J.J. (1984). Changes in muscle contractile properties 
and neural control during human muscular fatigue. Muscle and Nerve: Official Journal 
of the American Association of Electrodiagnostic Medicine, 7(9), 691-99. 
Bishop, P.A., Jones, E. and Woods, A.K. (2008). Recovery from training: a brief 
review. The Journal of Strength and Conditioning Research, 22(3), 1015-24. 
Blackburn-Munro, G. and Blackburn-Munro, R. (2003). Pain in the brain: are 
hormones to blame? Trends in Endocrinology and Metabolism, 14(1), 20-27. 
Borg, G., Hassmén, P. and Lagerström, M. (1985). Perceived exertion related to heart 
rate and blood lactate during arm and leg exercise. European Journal of Applied 
Physiology and Occupational Physiology, 56(6), 679-85. 
Bouaziz, T., Makni, E., Passelergue, P., Tabka, Z., Lac, G., Moalla, W., Chamari, K. 
and Elloumi, M. (2016). Multifactorial monitoring of training load in elite Rugby 
sevens players: cortisol/cortisone ratio as a valid tool of training load monitoring. 
Biology of Sport, 33(3), 231. 
Bowen, L., Gross, A.S., Gimpel, M., Bruce-Low, S. and Li, F.X. (2019). Spikes in 
acute: chronic workload ratio (ACWR) associated with a 5–7 times greater injury rate 
in English premier league football players: a comprehensive 3-year study. British 
Journal of Sports Medicine, 0, 1-9. 
Bowen, L., Gross, A.S., Gimpel, M. and Li, F.X. (2017). Accumulated workloads and 
the acute: chronic workload ratio relate to injury risk in elite youth football players. 
British Journal of Sports Medicine, 51(5), 452-59. 
Bozovic, D., Racic, M. and Ivkovic, N. (2013). Salivary cortisol levels as a biological 
marker of stress reaction. Medical Archives, 67(5), 374-77. 
Bradley, P.S., Sheldon, W., Wooster, B., Olsen, P., Boanas, P. and Krustrup, P. (2009). 
High-intensity running in English FA premier league soccer matches. Journal of 




Brink, M.S., Visscher, C., Arends, S., Zwerver, J., Post, W.J. and Lemmink, K.A. 
(2010). Monitoring stress and recovery: new insights for the prevention of injuries and 
illnesses in elite youth soccer players. British Journal of Sports Medicine, 44(11), 809-
15. 
Brooks, J.H., Fuller, C.W., Kemp, S.P. and Reddin, D.B. (2008). An assessment of 
training volume in professional Rugby union and its impact on the incidence, severity, 
and nature of match and training injuries. Journal of Sports Sciences, 26(8), 863-73. 
Buchheit, M., Lacome, M., Cholley, Y. and Simpson, B.M. (2018). Neuromuscular 
responses to conditioned soccer sessions assessed via GPS-embedded accelerometers: 
insights into tactical periodization. International Journal of Sports Physiology and 
Performance, 13(5), 577-83. 
Buchheit, M., Morgan, W., Wallace, J., Bode, M. and Poulos, N. (2017). Monitoring 
post-match lower-limb recovery in elite Australian rules football using a groin squeeze 
strength test. Sports Performance and Science Reports, 1(7), 1-3. 
Buchheit, M., Racinais, S., Bilsborough, J.C., Bourdon, P.C., Voss, S.C., Hocking, J., 
Cordy, J., Mendez-Villanueva, A. and Coutts, A.J. (2013). Monitoring fitness, fatigue 
and running performance during a pre-season training camp in elite football players. 
Journal of Science and Medicine in Sport, 16(6), 550-55. 
Budgett, R. (1994). ABC of sports medicine the overtraining syndrome. British 
Medical Journal, 309(6952), 465-68. 
Budgett, R. (1998). Fatigue and underperformance in athletes: the overtraining 
syndrome. British Journal of Sports Medicine, 32(2), 107-10. 
Budgett, R. (2000). Overtraining and chronic fatigue: the unexplained 
underperformance syndrome (UPS). International SportMed Journal, 1(3). 
Budgett, R., Newsholme, E., Lehmann, M., Sharp, C., Jones, D., Jones, T., Peto, T., 
Collins, D., Nerurkar, R. and White, P. (2000). Redefining the overtraining syndrome 





Button, C., Lee, M.C-Y., Mazumder, A.D., Tan, C.W.K. and Chow, J.Y. (2012). 
Empirical investigations of nonlinear motor learning. The Open Sports Sciences 
Journal, 5(1), 49–58. 
Caetano Júnior, P.C., Castilho, M.L. and Raniero, L. (2017). Salivary cortisol 
responses and session ratings of perceived exertion to a Rugby match and fatigue test. 
Perceptual and Motor Skills, 124(3), 649-61. 
Carey, D.L., Blanch, P., Ong, K.L., Crossley, K.M., Crow, J. and Morris, M.E. (2017). 
Training loads and injury risk in Australian football—differing acute: chronic 
workload ratios influence match injury risk. British Journal of Sports Medicine, 
51(16), 1215-20. 
Carney, C.E., Buysse, D.J., Ancoli-Israel, S., Edinger, J.D., Krystal, A.D., Lichstein, 
K.L. and Morin, C.M. (2012). The consensus sleep diary: standardizing prospective 
sleep self-monitoring. Sleep, 35(2), 287-302. 
Caruana, E.J., Roman, M., Hernández-Sánchez, J. and Solli, P. (2015). Longitudinal 
studies. Journal of Thoracic Disease, 7(11), E537-40. 
Casamichana, D., Castellano, J., Calleja-Gonzalez, J., San Román, J. and Castagna, C. 
(2013). Relationship between indicators of training load in soccer players. The Journal 
of Strength and Conditioning Research, 27(2), 369-74. 
Cayado, P., Muñoz‐Escassi, B., Dominguez, C., Manley, W., Olabarri, B., De La 
Muela, M.S., Castejon, F., Maranon, G. and Vara, E. (2006). Hormone response to 
training and competition in athletic horses. Equine Veterinary Journal, 36, 274-78. 
Cevada, T., Vasques, P.E., Moraes, H. and Deslande, A. (2014). Salivary cortisol 
levels in athletes and nonathletes: a systematic review. Hormone and Metabolic 
Research, 46(13), 905-10. 
Chida, Y. and Hamer, M. (2008). Chronic psychosocial factors and acute 
physiological responses to laboratory-induced stress in healthy populations: a 





Chiu, L.Z. and Barnes, J.L. (2003). The fitness-fatigue model revisited: implications 
for planning short-and long-term training. Strength and Conditioning Journal, 25(6), 
42-51. 
Christen, J., Foster, C., Porcari, J.P. and Mikat, R.P. (2016). Temporal robustness of 
the session rating of perceived exertion. International Journal of Sports Physiology 
and Performance, 11(8), 1088-93. 
Chrousos, G.P. (1998). Stressors, stress, and neuroendocrine integration of the 
adaptive response: the 1997 Hans Selye memorial lecture. Annals of the New York 
Academy of Sciences, 851(1), 311-35. 
Coad, S., Mclellan, C., Whitehouse, T. and Gray, B. (2015). Validity and reliability of 
a novel salivary immunoassay for individual profiling in applied sports science. 
Research in Sports Medicine, 23(2), 140-50. 
Cook, J.L. and Docking, S.I. (2015). “Rehabilitation will increase the ‘capacity’of 
your… insert musculoskeletal tissue here….” Defining ‘tissue capacity’: a core 
concept for clinicians. British Journal of Sports Medicine, 0(0), 1484-85. 
Colby, M.J., Dawson, B., Peeling, P., Heasman, J., Rogalski, B., Drew, M.K., Stares, 
J., Zouhal, H. and Lester, L. (2017). Multivariate modelling of subjective and objective 
monitoring data improve the detection of non-contact injury risk in elite Australian 
footballers. Journal of Science and Medicine in Sport, 20(12), 1068-74. 
Collins, D., Carson, H.J. and Cruickshank, A. (2015). Blaming Bill Gates AGAIN! 
Misuse, overuse and misunderstanding of performance data in sport. Sport, Education 
and Society, 20(8), 1088-99. 
Collins, D., MacNamara, Á. and McCarthy, N. (2016). Super champions, champions, 
and almosts: important differences and commonalities on the rocky road. Frontiers in 
Psychology, 6, 2009. 
Cormack, S., Newton, R., McGuigan, M. and Cormie, P. (2008). Neuromuscular and 
endocrine responses of elite players during an Australian rules Football season. 




Coughlan, G.F., Delahunt, E., Caulfield, B.M., Forde, C. and Green, B.S. (2014). 
Normative adductor squeeze test values in elite junior Rugby union players. Clinical 
Journal of Sport Medicine, 24(4), 315-19. 
Coutts, A. and Reaburn, P. (2008). Monitoring changes in Rugby league players' 
perceived stress and recovery during intensified training. Perceptual and Motor Skills, 
106(3), 904-16. 
Coutts, A., Reaburn, P., Piva, T.J. and Rowsell, G.J. (2007). Monitoring for 
overreaching in Rugby league players. European Journal of Applied Physiology, 
99(3), 313-24. 
Cross, M.J., Williams, S., Trewartha, G., Kemp, S.P. and Stokes, K.A. (2016). The 
influence of in-season training loads on injury risk in professional Rugby union. 
International Journal of Sports Physiology and Performance, 11, 350 – 355. 
Crow, J.F., Pearce, A.J., Veale, J.P., VanderWesthuizen, D., Coburn, P.T. and Pizzari, 
T. (2010). Hip adductor muscle strength is reduced preceding and during the onset of 
groin pain in elite junior Australian football players. Journal of Science and Medicine 
in Sport, 13(2), 202-04. 
Cruickshank, A. and Collins, D. (2015). Illuminating and applying “the dark side”: 
Insights from elite team leaders. Journal of Applied Sport Psychology, 27(3), 249-67. 
Cummins, C., Orr, R., O’Connor, H. and West, C. (2013). Global positioning systems 
(GPS) and microtechnology sensors in team sports: a systematic review. Sports 
Medicine, 43(10), 1025-42. 
Cunanan, A.J., DeWeese, B.H., Wagle, J.P., Carroll, K.M., Sausaman, R., Hornsby, 
W.G., Haff, G.G., Triplett, N.T., Pierce, K.C. and Stone, M.H. (2018). The general 
adaptation syndrome: a foundation for the concept of periodization. Sports Medicine, 
48, 787–97. 
Cunniffe, B., Griffiths, H., Proctor, W., Davies, B., Baker, J.S. and Jones, K.P. (2011). 
Mucosal immunity and illness incidence in elite Rugby union players across a season. 




Cunniffe, B., Hore, A.J., Whitcombe, D.M., Jones, K.P., Baker, J.S. and Davies, B. 
(2010). Time course of changes in immuneoendocrine markers following an 
international Rugby game. European Journal of Applied Physiology, 108(1), 113-22. 
Cunniffe, B., Proctor, W., Baker, J.S. and Davies, B. (2009). An evaluation of the 
physiological demands of elite Rugby union using global positioning system tracking 
software. The Journal of Strength and Conditioning Research, 23(4), 1195-203. 
Dalton-Barron, N.E., McLaren, S.J., Black, C.J., Gray, M., Jones, B. and Roe, G. 
(2018). Identifying contextual influences on training load: an example in professional 
Rugby union. The Journal of Strength and Conditioning Research, 0(0), 1-9. 
Dauty, M. and Collon, S. (2011). Incidence of injuries in French professional soccer 
players. International Journal of Sports Medicine, 32(12), 965-69. 
Delahunt, E., Fitzpatrick, H. and Blake, C. (2017). Pre-season adductor squeeze test 
and HAGOS function sport and recreation subscale scores predict groin injury in 
Gaelic football players. Physical Therapy in Sport, 23, 1-6. 
Delahunt, E., Kennelly, C., McEntee, B.L., Coughlan, G.F. and Green, B.S. (2011a). 
The thigh adductor squeeze test: 45 of hip flexion as the optimal test position for 
eliciting adductor muscle activity and maximum pressure values. Manual Therapy, 
16(5), 476-80. 
Delahunt, E., McEntee, B.L., Kennelly, C., Green, B.S. and Coughlan, G.F. (2011b). 
Intrarater reliability of the adductor squeeze test in Gaelic games athletes. Journal of 
Athletic Training, 46(3), 241-45. 
Delecroix, B., McCall, A., Dawson, B., Berthoin, S. and Dupont, G. (2018). Workload 
and non-contact injury incidence in elite football players competing in European 
leagues. European Journal of Sport Science, 18(9), 1280-87. 
Di Salvo, V., Baron, R., Tschan, H., Montero, F.C., Bachl, N. and Pigozzi, F. (2007). 
Performance characteristics according to playing position in elite soccer. International 




Djaoui, L., Haddad, M., Chamari, K. and Dellal, A. (2017). Monitoring training load 
and fatigue in soccer players with physiological markers. Physiology and Behavior, 
181, 86-94. 
Drew, M.K., Cook, J. and Finch, C.F. (2016). Sports-related workload and injury risk: 
simply knowing the risks will not prevent injuries. British Journal of Sports Medicine, 
0, 1-4. 
Drew, M.K. and Finch, C.F. (2016). The relationship between training load and injury, 
illness and soreness: a systematic and literature review. Sports Medicine, 46(6), 861-
83. 
Duthie, G., Pyne, D. and Hooper, S. (2003). Applied physiology and game analysis of 
Rugby union. Sports Medicine, 33(13), 973-91. 
Dvorak, J., Junge, A., Derman, W. and Schwellnus, M. (2011). Injuries and illnesses 
of football players during the 2010 FIFA World Cup. British Journal of Sports 
Medicine, 45(8), 626-30. 
Eaves, S. and Hughes, M. (2003). Patterns of play of international Rugby union teams 
before and after the introduction of professional status. International Journal of 
Performance Analysis in Sport, 3(2), 103-11. 
Eckard, T.G., Padua, D.A., Hearn, D.W., Pexa, B.S. and Frank, B.S. (2018). The 
relationship between training load and injury in athletes: a systematic review. Sports 
Medicine, 48(8), 1929-61. 
Edwards, S. (1993). High performance training and racing. In S. Edwards, ed. The 
Heart Rate Monitor Book. Sacramento, CA: Fleet Press. 113–23. 
Edwards, T., Spiteri, T., Piggott, B., Bonhotal, J., Haff, G.G. and Joyce, C. (2018). 
Monitoring and managing fatigue in basketball. Sports, 6(1), 19. 
Ehlert, U., Gaab, J. and Heinrichs, M. (2001). Psychoneuroendocrinological 
contributions to the etiology of depression, posttraumatic stress disorder, and stress-
related bodily disorders: the role of the hypothalamus–pituitary–adrenal axis. 




Ekstrand, J., Hägglund, M., Kristenson, K., Magnusson, H. and Waldén, M. (2013). 
Fewer ligament injuries but no preventive effect on muscle injuries and severe injuries: 
an 11-year follow-up of the UEFA champions league injury study. British Journal of 
Sports Medicine, 47(12), 732-37. 
Ekstrand, J., Hägglund, M. and Waldén, M. (2011). Injury incidence and injury 
patterns in professional football: the UEFA injury study. British Journal of Sports 
Medicine, 45, 553-58. 
Ekstrand, J., Waldén, M. and Hägglund, M. (2004). Risk for injury when playing in a 
national football team. Scandinavian Journal of Medicine and Science in Sports, 
14(1), 34-38. 
Engebretsen, A.H., Myklebust, G., Holme, I., Engebretsen, L. and Bahr, R. (2010). 
Intrinsic risk factors for groin injuries among male soccer players: a prospective cohort 
study. The American Journal of Sports Medicine, 38(10), 2051-57. 
Engeland, C.G., Hugo, F.N., Hilgert, J.B., Nascimento, G.G., Junges, R., Lim, H.J., 
Marucha, P.T. and Bosch, J.A. (2016). Psychological distress and salivary secretory 
immunity. Brain, Behavior, and Immunity, 52, 11-17. 
Esmaeili, A., Hopkins, W.G., Stewart, A.M., Elias, G.P., Lazarus, B.H. and Aughey, 
R.J. (2018a). The individual and combined effects of multiple factors on the risk of 
soft tissue non-contact injuries in elite team sport athletes. Frontiers in Physiology, 9, 
1280. 
Esmaeili, A., Stewart, A.M., Hopkins, W.G., Elias, G.P., Lazarus, B.H., Rowell, A.E. 
and Aughey, R.J. (2018b). Normal variability of weekly musculoskeletal screening 
scores and the influence of training load across an Australian football league season. 
Frontiers in Physiology, 9, 144. 
Fahlman, M. and Engels, H. (2005). Mucosal IgA and URTI in American college 
football players: a year longitudinal study. Medicine and Science in Sports and 
Exercise, 37(3), 374-80. 
Fanchini, M., Rampinini, E., Riggio, M., Coutts, A.J., Pecci, C. and McCall, A. (2018). 
Despite association, the acute: chronic workload ratio does not predict non-contact 




Ferrari, H., Gobatto, C. and Manchado-Gobatto, F. (2013). Training load, immune 
system, upper respiratory symptoms and performance in well-trained cyclists 
throughout a competitive season. Biology of Sport, 30(4), 289-95. 
FIFA, Fédération Internationale de Football Association. (2006). 
https://www.fifa.com/. [Online] Available at: 
https://www.fifa.com/mm/document/fifafacts/bcoffsurv/emaga_9384_10704.pdf 
[Accessed 12 July 2019]. 
Fisher, R.N., McLellan, C.P. and Sinclair, W.H. (2015). The validity and reliability 
for a salivary cortisol point of care test. Journal of Athletic Enhancement, 4(4), 1-6. 
Foster, C. (1998). Monitoring training in athletes with reference to overtraining 
syndrome. Medicine and Science in Sports and Exercise, 30, 1164–68. 
Foster, C., Florhaug, J.A., Franklin, J., Gottschall, L., Hrovatin, L.A., Parker, S., 
Doleshal, P. and Dodge, C. (2001). A new approach to monitoring exercise training. 
The Journal of Strength and Conditioning Research, 15(1), 109-15. 
Foster, C., Hector, L.L., Welsh, R., Schrager, M., Green, M.A. and Snyder, A.C. 
(1995). Effects of specific versus cross-training on running performance. European 
Journal of Applied Physiology and Occupational Physiology, 70(4), 367-72. 
Freitag, A., Kirkwood, G., Scharer, S., Ofori-Asenso, R. and Pollock, A.M. (2015). 
Systematic review of Rugby injuries in children and adolescents under 21 years. 
British Journal of Sports Medicine, 49(8), 511-19. 
Fricker, P.A., Pyne, D.B., Saunders, P.U., Cox, A.J., Gleeson, M. and Telford, R.D. 
(2005). Influence of training loads on patterns of illness in elite distance runners. 
Clinical Journal of Sport Medicine, 15(4), 246-52. 
Fries, E., Hesse, J., Hellhammer, J. and Hellhammer, D.H. (2005). A new view on 
hypocortisolism. Psychoneuroendocrinology, 30(10), 1010-16. 
Friman, G. and Wesslén, L. (2000). Infections and exercise in high‐performance 
athletes. Immunology and Cell Biology, 78(5), 510-22. 
Fuller, C.W., Ekstrand, J., Junge, A., Andersen, T.E., Bahr, R., Dvorak, J., Hägglund, 




definitions and data collection procedures in studies of football (soccer) injuries. 
Scandinavian Journal of Medicine and Science in Sports, 16(2), 83-92. 
Fuller, C., Taylor, A., Brooks, J. and Kemp, S. (2013). Changes in the stature, body 
mass and age of English professional Rugby players: a 10-year review. Journal of 
Sports Sciences, 31(7), 795-802. 
Gabbett, T.J. (2004). Influence of training and match intensity on injuries in Rugby 
league. Journal of Sports Sciences, 22(5), 409-17. 
Gabbett, T.J. (2010). The development and application of an injury prediction model 
for noncontact, soft-tissue injuries in elite collision sport athletes. The Journal of 
Strength and Conditioning Research, 24(10), 2593-603. 
Gabbett, T.J. (2016). The training-injury prevention paradox: should athletes be 
training smarter and harder? British Journal of Sports Medicine, 50(5), 273–80. 
Gabbett, T.J. and Jenkins, D.G. (2011). Relationship between training load and injury 
in professional Rugby league players. Journal of Science and Medicine in Sport, 14(3), 
204-09. 
Gallo, T.F., Cormack, S.J., Gabbett, T.J. and Lorenzen, C.H. (2017). Self-reported 
wellness profiles of professional Australian football players during the competition 
phase of the season. The Journal of Strength and Conditioning Research, 31(2), 495-
502. 
Gandevia, S.C. (2001). Spinal and supraspinal factors in human muscle fatigue. 
Physiological Reviews, 81(4), 1725-89. 
Gani, F., Passalacqua, G.I., Senna, G. and Mosca, M.F. (2003). Sport, immune system 
and respiratory infections. European Annals of Allergy and Clinical Immunology, 
35(2), 41-46. 
Gastin, P.B., Meyer, D. and Robinson, D. (2013). Perceptions of wellness to monitor 
adaptive responses to training and competition in elite Australian football. The Journal 




Gathercole, R., Sporer, B., Stellingwerff, T. and Sleivert, G. (2015). Alternative 
countermovement-jump analysis to quantify acute neuromuscular fatigue. 
International Journal of Sports Physiology and Performance, 10(1), 84-92. 
Gaviglio, C.M. and Cook, C.J. (2014). Relationship between midweek training 
measures of testosterone and cortisol concentrations and game outcome in 
professional Rugby union matches. The Journal of Strength and Conditioning 
Research, 28(12), 3447-52. 
Gaviglio, C.M., Osborne, M., Kelly, V.G., Kilduff, L.P. and Cook, C.J. (2015). 
Salivary testosterone and cortisol responses to four different Rugby training exercise 
protocols. European Journal of Sport Science, 15(6), 497-504. 
Gearhart Jr, R.F. (2008). Ratings of perceived exertion and oxygen consumption 
during maximal, graded, treadmill exercise following different anchoring procedures. 
European Journal of Sport Science, 8(1), 35-40. 
Gilchrist, J., Mandelbaum, B.R., Melancon, H., Ryan, G.W., Silvers, H.J., Griffin, 
L.Y., Watanabe, D.S., Dick, R.W. and Dvorak, J. (2008). A randomized controlled 
trial to prevent noncontact anterior cruciate ligament injury in female collegiate soccer 
players. The American Journal of Sports Medicine, 36(8), 1476-83. 
Gleeson, M. (2007). Immune function in sport and exercise. Journal of Applied 
Physiology, 103(2), 693-99. 
Gleeson, M., Bishop, N., Oliveira, M., McCauley, T., Tauler, P. and Muhamad, A.S. 
(2012). Respiratory infection risk in athletes: association with antigen‐stimulated IL‐
10 production and salivary IgA secretion. Scandinavian Journal of Medicine and 
Science in Sports, 22(3), 410-17. 
Gleeson, M., Bishop, N., Oliveira, M. and Tauler, P. (2013). Influence of training load 
on upper respiratory tract infection incidence and antigen‐stimulated cytokine 
production. Scandinavian Journal of Medicine and Science in Sports, 23(4), 451-57. 
Gleeson, M., McDonald, W.A., Pyne, D.B., Clancy, R.L., Cripps, A.W., Francis, J.L. 
and Fricker, P.A. (2000). Immune status and respiratory illness for elite swimmers 





Gleeson, M. and Robson-Ansley, P. (2006). Immune response to intensified training 
and overtraining. In M. Gleeson, ed. Immune Function in Sport and Exercise. 
Advances in Sport and Exercise Science Series. Edinburgh, UK: Churchill Livingstone 
Elsevier. 115-38. 
Govus, A.D., Coutts, A., Duffield, R., Murray, A. and Fullagar, H. (2018). 
Relationship between pretraining subjective wellness measures, player load, and 
rating-of-perceived-exertion training load in American college football. International 
Journal of Sports Physiology and Performance, 13(1), 95-101. 
Green, H.J. (1997). Mechanisms of muscle fatigue in intense exercise. Journal of 
Sports Sciences, 15(3), 247-56. 
Gregory, R.L. (1994). The biological role and clinical implications of IgA. Laboratory 
Medicine, 25(11), 724-28. 
Griffin, A., Kenny, I.C., Comyns, T.M. and Lyons, M. (2019). The association 
between the acute: chronic workload ratio and injury and its application in team sports: 
a systematic review. Sports Medicine, 1-20. 
Guilhem, G., Hanon, C., Gendreau, N., Bonneau, D., Guével, A. and Chennaoui, M. 
(2015). Salivary hormones response to preparation and pre-competitive training of 
World-class level athletes. Frontiers in Physiology, 16(6), 333. 
Haddad, M., Stylianides, G., Djaoui, L. and Dellal, A. (2017). Session-RPE method 
for training load monitoring: validity, ecological usefulness, and influencing factors. 
Frontiers in Neuroscience, 2(11), 612. 
Hägglund, M., Waldén, M., Magnusson, H., Kristenson, K., Bengtsson, H. and 
Ekstrand, J. (2013). Injuries affect team performance negatively in professional 
football: an 11-year follow-up of the UEFA champions league injury study. British 
Journal of Sports Medicine, 47, 738–42. 
Halson, S. (2014). Monitoring training load to understand fatigue in athletes. Journal 
of Sports Medicine, 44, 139-47. 





Halson, S.L., Quod, M.J., Martin, D.T., Gardner, A.S., Ebert, T.R. and Laursen, P.B. 
(2008). Physiological responses to cold water immersion following cycling in the heat. 
International Journal of Sports Physiology and Performance, 3(3), 331-46. 
Hamlin, M.J., Wilkes, D., Elliot, C.A., Lizamore, C.A. and Kathiravel, Y. (2019). 
Monitoring training loads and perceived stress in young elite university athletes. 
Frontiers in Physiology, 10, 34. 
Hannibal, K.E. and Bishop, M.D. (2014). Chronic stress, cortisol dysfunction, and 
pain: a psychoneuroendocrine rationale for stress management in pain rehabilitation. 
Physical Therapy, 94(12), 1816-25. 
Hayes, L.D., Sculthorpe, N., Cunniffe, B. and Grace, F.M. (2016). Salivary 
testosterone and cortisol measurement in sports medicine: a narrative review and 
user’s guide for researchers and practitioners. International Journal of Sports 
Medicine, 37(13), 1007-18. 
Hecksteden, A., Skorski, S., Schwindling, S., Hammes, D., Pfeiffer, M., Kellmann, 
M., Ferrauti, A. and Meyer, T. (2016). Blood-borne markers of fatigue in competitive 
athletes–results from simulated training camps. PloS One, 11(2), e0148810. 
Heim, C., Ehlert, U. and Hellhammer, D.H. (2000). The potential role of 
hypocortisolism in the pathophysiology of stress-related bodily disorders. 
Psychoneuroendocrinology, 25(1), 1-35. 
Herman, J.P., Figueiredo, H., Mueller, N.K., Ulrich-Lai, Y., Ostrander, M.M., Choi, 
D.C. and Cullinan, W.E. (2003). Central mechanisms of stress integration: hierarchical 
circuitry controlling hypothalamo–pituitary–adrenocortical responsiveness. Frontiers 
in Neuroendocrinology, 24(3), 151-80. 
Hills, S.P. and Rogerson, D. (2018). Associations between self-reported wellbeing and 
neuromuscular performance during a professional Rugby union season. The Journal 
of Strength and Conditioning Research, 32(9), 2498-509. 
Hoffman, J., Maresh, C. and Newton, R. (2002). Performance, biochemical, and 
endocrine changes during a competitive football game. Medicine and Science in Sport 




Hogarth, L., Burkett, B. and McKean, M. (2015). Understanding the fatigue-recovery 
cycle in team sport athletes. Journal of Sports Medicine and Doping Studies, 5(1), 
1000e143. 
Hosey, R. and Rodenberg, R. (2005). Training room management of medical 
conditions: infectious diseases. Clinics in Sports Medicine, 24(3), 477-506. 
Hulin, B.T., Gabbett, T.J., Blanch, P., Chapman, P., Bailey, D. and Orchard, J.W. 
(2014). Spikes in acute workload are associated with increased injury risk in elite 
cricket fast bowlers. British Journal of Sports Medicine, 48(8), 708-12. 
Hulin, B.T., Gabbett, T.J., Lawson, D.W., Caputi, P. and Sampson, J.A. (2016). The 
acute: chronic workload ratio predicts injury: high chronic workload may decrease 
injury risk in elite Rugby league players. British Journal of Sports Medicine, 50(4), 
231-36. 
Impellizzeri, F.M., Rampinini, E., Coutts, A.J., Sassi, A. and Marcora, S.M. (2004). 
Use of RPE-based training load in soccer. Medicine and Science in Sports and 
Exercise, 36(6), 1042-47. 
Impellizzeri, F., Woodcock, S., Coutts, A.J., Fanchini, M., McCall, A. and Vigotsky, 
A. (2020). Acute to random workload ratio is ‘as’ associated with injury as acute to 
actual chronic workload ratio: time to dismiss ACWR and its components. SportRxiv. 
Issurin, V. (2008). Block periodization versus traditional training theory: a review. 
Journal of Sports Medicine and Physical Fitness, 48(1), 65-75. 
Jaspers, A., Brink, M.S., Probst, S.G., Frencken, W.G. and Helsen, W.F. (2017). 
Relationships between training load indicators and training outcomes in professional 
soccer. Sports Medicine, 47(3), 533-44. 
Jaspers, A., Kuyvenhoven, J.P., Staes, F., Frencken, W.G., Helsen, W.F. and Brink, 
M.S. (2018). Examination of the external and internal load indicators’ association with 
overuse injuries in professional soccer players. Journal of Science and Medicine in 




Joëls, M., Sarabdjitsingh, R.A. and Karst, H. (2012). Unraveling the time domains of 
corticosteroid hormone influences on brain activity: rapid, slow, and chronic modes. 
Pharmacological Reviews, 64(4), 901-38. 
Jones, C.M., Griffiths, P.C. and Mellalieu, S.D. (2017). Training load and fatigue 
marker associations with injury and illness: a systematic review of longitudinal 
studies. Sports Medicine, 47(5), 943-74. 
Kellmann, M. (2010). Preventing overtraining in athletes in high‐intensity sports and 
stress/recovery monitoring. Scandinavian Journal of Medicine and Science in Sports, 
20(2), 95-102. 
Kellmann, M. and Kallus, K.W. (2001). The Recovery-Stress-Questionnaire for 
Athletes: User Manual. Champaign, IL: Human Kinetics. 
Kennedy, R. and Drake, D. (2017). The effect of acute fatigue on countermovement 
jump performance in Rugby union players during preseason. Journal of Sports 
Medicine and Physical Fitness, 57(10), 1261-66. 
Kiely, J. (2012). Periodization paradigms in the 21st century: evidence-led or 
tradition-driven? International Journal of Sports Physiology and Performance, 7(3), 
242-50. 
Kiely, J. (2018). Periodization theory: confronting an inconvenient truth. Sports 
Medicine, 48(4), 753-64. 
Kim, H.D. and Cruz, A.B. (2016). The influence of coaches’ leadership styles on 
athletes’ satisfaction and team cohesion: A meta-analytic approach. International 
Journal of Sports Science and Coaching, 11(6), 900-09. 
King, D., Clark, T. and Kellmann, M. (2010). Changes in stress and recovery as a 
result of participating in a premier Rugby league representative competition. 
International Journal of Sports Science and Coaching, 5(2), 223-37. 
Krustrup, P. (2016). Soccer Fitness: Prevention and treatment of lifestyle diseases. In 




Krustrup, P., Mohr, M., Ellingsgaard, H. and Bangsbo, J. (2005). Physical demands 
during an elite female soccer game: importance of training status. Medicine and 
Science in Sports and Exercise, 37(7), 1242-48. 
Kudielka, B.M., Hellhammer, D.H. and Wüst, S. (2009). Why do we respond so 
differently? Reviewing determinants of human salivary cortisol responses to 
challenge. Psychoneuroendocrinology, 34(1), 2-18. 
Kumar, S. (2001). Theories of musculoskeletal injury causation. Ergonomics, 44(1), 
17-47. 
Kumari, M., Badrick, E., Ferrie, J., Perski, A., Marmot, M. and Chandola, T. (2009). 
Self-reported sleep duration and sleep disturbance are independently associated with 
cortisol secretion in the Whitehall II study. The Journal of Clinical Endocrinology and 
Metabolism, 94(12), 4801-09. 
Lamb, K.L., Eaves, S.J. and Hartshorn, J.E. (2004). The effect of experiential 
anchoring on the reproducibility of exercise regulation in adolescent children. Journal 
of Sports Sciences, 22(2), 159-65. 
Lamm, M.E. (1997). Interaction of antigens and antibodies at mucosal surfaces. 
Annual Reviews in Microbiology, 51(1), 311-40. 
Le Meur, L. (2016). www.twitter.com. [Online] Available at: 
https://twitter.com/ylmsportscience/status/758165121176838144?lang=en [Accessed 
21 Oct 2019]. 
Lee, M.D. and Pope, K.J. (2003). Avoiding the dangers of averaging across subjects 
when using multidimensional scaling. Journal of Mathematical Psychology, 47(1), 32-
46. 
Lemmink, K.A. and Visscher, C. (2005). Effect of intermittent exercise on multiple-
choice reaction times of soccer players. Perceptual and Motor Skills, 100(1), 85-95. 
Levine, A., Zagoory-Sharon, O., Feldman, R., Lewis, J.G. and Weller, A. (2007). 





Lewis, J.G. (2006). Steroid analysis in saliva: an overview. Clinical Biochemist 
Reviews, 27(3), 139-46. 
Lewis, N.A., Collins, D., Pedlar, C.R. and Rogers, J.P. (2015). Can clinicians and 
scientists explain and prevent unexplained underperformance syndrome in elite 
athletes: an interdisciplinary perspective and 2016 update. BMJ Open Sport and 
Exercise Medicine, 1(1), e000063-63. 
Lewkowicz, D.J. (2001). The concept of ecological validity: what are its limitations 
and is it bad to be invalid? Infancy, 2(4), 437-50. 
Lindsay, A., Lewis, J., Scarrott, C., Draper, N. and Gieseg, S.P. (2015a). Changes in 
acute biochemical markers of inflammatory and structural stress in Rugby union. 
Journal of Sports Sciences, 33(9), 882-91. 
Lindsay, A., Lewis, J.G., Scarrott, C., Gill, N., Gieseg, S.P. and Draper, N. (2015b). 
Assessing the effectiveness of selected biomarkers in the acute and cumulative 
physiological stress response in professional Rugby union through non-invasive 
assessment. International Journal of Sports Medicine, 36(6), 446-54. 
Lippi, G., De Vita, F., Salvagno, G.L., Gelati, M., Montagnana, M. and Guidi, G.C. 
(2009). Measurement of morning saliva cortisol in athletes. Clinical Biochemistry, 
42(9), 904-06. 
Lolli, L., Batterham, A.M., Hawkins, R., Kelly, D.M., Strudwick, A.J., Thorpe, R., 
Gregson, W. and Atkinson, G. (2017). Mathematical coupling causes spurious 
correlation within the conventional acute-to-chronic workload ratio calculations. 
British Journal of Sports Medicine, 0(0), 1-2. 
Lovell, G., Blanch, P.D. and Barnes, C.J. (2012). EMG of the hip adductor muscles in 
six clinical examination tests. Physical Therapy in Sport, 13(3), 134-40. 
Lovell, T.W., Sirotic, A.C., Impellizzeri, F.M. and Coutts, A.J. (2013). Factors 
affecting perception of effort (session rating of perceived exertion) during Rugby 





Lucia, A., Hoyos, J., Santalla, A., Earnest, C.P. and Chicharro, J.L. (2003). Tour de 
France versus Vuelta a Espana: which is harder? Medicine and Science in Sports and 
Exercise, 35(5), 872-78. 
Lu, D., Howle, K., Waterson, A., Duncan, C. and Duffield, R. (2017). Workload 
profiles prior to injury in professional soccer players. Science and Medicine in 
Football, 1(3), 237-43. 
Lupo, C., Tessitore, A., Gasperi, L. and Gomez, M.R. (2017). Session-RPE for 
quantifying the load of different youth basketball training sessions. Biology of Sport, 
34(1), 11–17. 
Lyons, M., Al-Nakeeb, Y. and Nevill, A. (2006). Performance of soccer passing skills 
under moderate and high-intensity localized muscle fatigue. The Journal of Strength 
and Conditioning Research, 20(1), 197-202. 
Macdonald, L.A., Bellinger, P.M. and Minahan, C.L. (2017). Reliability of salivary 
cortisol and immunoglobulin-A measurements from the IPRO® before and after sprint 
cycling exercise. The Journal of Sports Medicine and Physical Fitness, 57(12), 1680-
86. 
Main, L. and Grove, J.R. (2009). A multi-component assessment model for monitoring 
training distress among athletes. European Journal of Sport Science, 9(4), 195-202. 
Malone, S., Owen, A., Newton, M., Mendes, B., Collins, K.D. and Gabbett, T.J. 
(2017). The acute: chronic workload ratio in relation to injury risk in professional 
soccer. Journal of Science and Medicine in Sport, 20(6), 561-65. 
Malone, S., Roe, M., Doran, D.A., Gabbett, T.J. and Collins, K.D. (2016). Aerobic 
fitness and playing experience protect against spikes in workload: the role of the acute: 
chronic workload ratio on injury risk in elite Gaelic football. International Journal of 
Sports Physiology and Performance, 24, 1-25. 
Marcora, S. (2009). Perception of effort during exercise is independent of afferent 





Martin, S.A., Pence, B.D. and Woods, J.A. (2009). Exercise and respiratory tract viral 
infections. Exercise and Sport Sciences Reviews, 37(4), 157-64. 
Mazanec, M., Nedrud, J., Kaetzel, C. and Lamm, M. (1993). A three-tiered view of 
the role of IgA in mucosal defense. Immunology Today, 14(9), 430-35. 
McCabe, D. (2007). Power at work: How employees reproduce the corporate 
machine. London: Routledge. 
McCall, A., Dupont, G. and Ekstrand, J. (2018). Internal workload and non-contact 
injury: a one-season study of five teams from the UEFA elite club injury study. British 
Journal of Sports Medicine, 52(23), 1517-22. 
McLean, S.G., Fellin, R.E., Suedekum, N., Calabrese, G., Passerallo, A. and Joy, S. 
(2007). Impact of fatigue on gender-based high-risk landing strategies. Medicine and 
Science in Sports and Exercise, 39(3), 502-14. 
McLellan, C.P., Lovell, D.I. and Gass, G.C. (2011a). Biochemical and endocrine 
responses to impact and collision during elite Rugby league match play. The Journal 
of Strength and Conditioning Research, 25(6), 1553-62. 
McLellan, C.P., Lovell, D.I. and Gass, G.C. (2011b). Markers of postmatch fatigue in 
professional Rugby league players. The Journal of Strength and Conditioning 
Research, 25(4), 1030-39. 
McMorris, T., Sproule, J., Draper, S. and Child, R. (2000). Performance of a 
psychomotor skill following rest, exercise at the plasma epinephrine threshold and 
maximal intensity exercise. Perceptual and Motor Skills, 91(2), 553-62. 
McNair, D.M., Lorr, M. and Droppleman, L.F. (1971). Profile of mood states. San 
Diego, CA: Educational and Industrial Testing Service. 
Meeusen, R., Duclos, M., Foster, C., Fry, A., Gleeson, M., Nieman, D., Raglin, J., 
Rietjens, G., Steinacker, J. and Urhausen, A. (2013). Prevention, diagnosis, and 
treatment of the overtraining syndrome: joint consensus statement of the European 
college of sport science and the American college of sports medicine. Medicine and 




Meeuwisse, W. (1994). Assessing causation in sport injury: a multifactorial model. 
Clinical Journal of Sport Medicine, 4(3), 166-70. 
Mohr, M., Krustrup, P. and Bangsbo, J. (2003). Match Performance of high-standard 
soccer players with special reference to development of fatigue. Journal of Sports 
Sciences, 21(7), 519-28. 
Montgomery, P.G. and Hopkins, W.G. (2013). The effects of game and training loads 
on perceptual responses of muscle soreness in Australian football. International 
Journal of Sports Physiology and Performance, 8(3), 312-18. 
Moreira, A., De Moura, N., Coutts, A. and Costa, E. (2013a). Monitoring internal 
training load and mucosal immune responses in futsal athletes. The Journal of Strength 
and Conditioning Research, 27(5), 1253-59. 
Moreira, A., Freitas, C.G., Nakamura, F.Y., Drago, G., Drago, M. and Aoki, M.S. 
(2013b). Effect of match importance on salivary cortisol and immunoglobulin A 
responses in elite young volleyball players. The Journal of Strength and Conditioning 
Research, 27(1), 202-07. 
Moreira, A., McGuigan, M.R., Arruda, A.F., Freitas, C.G. and Aoki, M.S. (2012). 
Monitoring internal load parameters during simulated and official basketball matches. 
The Journal of Strength and Conditioning Research, 26(3), 861-66. 
Moreira, A., Mortatti, A.L., Arruda, A.F., Freitas, C.G., de Arruda, M. and Aoki, M.S. 
(2014). Salivary IgA response and upper respiratory tract infection symptoms during 
a 21-week competitive season in young soccer players. The Journal of Strength and 
Conditioning Research, 28(2), 467-73. 
Mortatti, A.L., Moreira, A., Aoki, M.S., Crewther, B.T., Castagna, C., de Arruda, A.F. 
and Jose Filho, M. (2012). Effect of competition on salivary cortisol, immunoglobulin 
A, and upper respiratory tract infections in elite young soccer players. The Journal of 
Strength and Conditioning Research, 26(5), 1396-401. 





Moxnes, J.F. and Hausken, K. (2008). The dynamics of athletic performance, fitness 
and fatigue. Mathematical and Computer Modelling of Dynamical Systems, 14(6), 
515-33. 
Mujika, I., Halson, S., Burke, L.M., Balagué, G. and Farrow, D. (2018). An integrated, 
multifactorial approach to periodization for optimal performance in individual and 
team sports. International Journal of Sports Physiology and Performance, 13(5), 538-
61. 
Murray, N.B., Gabbett, T.J., Townshend, A.D. and Blanch, P. (2017). Calculating 
acute: chronic workload ratios using exponentially weighted moving averages 
provides a more sensitive indicator of injury likelihood than rolling averages. British 
Journal of Sports Medicine, 51(9), 749-54. 
Neary, J.P., Malbon, L. and McKenzie, D.C. (2002). Relationship between serum, 
saliva and urinary cortisol and its implication during recovery from training. Journal 
of Science and Medicine in Sport, 5(2), 108-14. 
Nehlsen-Cannarella, S.L., Nieman, D.C., Fagoaga, O.R., Kelln, W.J., Henson, D.A., 
Shannon, M. and Davis, J.M. (2000). Saliva immunoglobulins in elite women rowers. 
European Journal of Applied Physiology, 81(3), 222-28. 
Neville, V., Gleeson, M. and Folland, J. (2008). Salivary IgA as a risk factor for upper 
respiratory infections in elite professional athletes. Medicine and Science in Sports 
and Exercise, 40(7), 1228-36. 
Nevin, F. and Delahunt, E. (2014). Adductor squeeze test values and hip joint range 
of motion in Gaelic football athletes with longstanding groin pain. Journal of Science 
and Medicine in Sports, 17(2), 155-59. 
Nieman, D.C. (1994). Exercise, infection, and immunity. International Journal of 
Sports Medicine, 15(3), 131-41. 
Nieman, D.C. (2000). Exercise effects on systemic immunity. Immunology and Cell 
Biology, 78(5), 496-501. 
Nimmo, M.A. and Ekblom, B. (2007). Fatigue and illness in athletes. Journal of Sports 




Novas, A., Rowbottom, D. and Jenkins, D. (2003). Tennis, incidence of URTI and 
salivary IgA. International Journal of Sports Medicine, 24(3), 223-29. 
Nunes, J.A., Moreira, A., Crewther, B.T., Nosaka, K., Viveiros, L. and Aoki, M.S. 
(2014). Monitoring training load, recovery-stress state, immune-endocrine responses, 
and physical performance in elite female basketball players during a periodized 
training program. The Journal of Strength and Conditioning Research, 28(10), 2973-
80. 
Orhant, E., Carling, C. and Cox, A. (2010). A three-year prospective study of illness 
in professional soccer players. Research in Sports Medicine, 18(3), 199-204. 
Orysiak, J., Witek, K., Zembron-Lacny, A., Morawin, B., Malczewska-Lenczowska, 
J. and Sitkowski, D. (2017). Mucosal immunity and upper respiratory tract infections 
during a 24-week competitive season in young ice hockey players. Journal of Sports 
Sciences, 35(13), 1255-63. 
Owen, A.L. Djaoui, L., Newton, M., Malone, S. and Mendes, B. (2017). A 
contemporary multi-modal mechanical approach to training monitoring in elite 
professional soccer. Science and Medicine in Football, 1(3), 216-21. 
Papacosta, E. and Gleeson, M. (2013). Effects of intensified training and taper on 
immune function. Revista Brasileira de Educação Física e Esporte, 27(1), 159-76. 
Papacosta, E. and Nassis, G.P. (2011). Saliva as a tool for monitoring steroid, peptide 
and immune markers in sport and exercise science. Journal of Science and Medicine 
in Sport, 14(5), 424-34. 
Parry, L. and Drust, B. (2006). Is injury the major cause of elite soccer players being 
unavailable to train and play during the competitive season? Physical Therapy in 
Sport, 7(2), 58-64. 
Peñailillo, L., Maya, L., Niño, G., Torres, H. and Zbinden-Foncea, H. (2015). Salivary 
hormones and IgA in relation to physical performance in football. Journal of Sports 




Piggott, B., Newton, M.J. and McGuigan, M.R. (2009). The relationship between 
training load and incidence of injury and illness over a pre-season at an Australian 
football league club. Journal of Australian Strength and Conditioning, 17(3), 4-17. 
Polman, R. and Houlahan, K. (2004). A cumulative stress and training continuum 
model: a multidisciplinary approach to unexplained underperformance syndrome. 
Research in Sports Medicine, 12(4), 301-16. 
Pritchard, B.T., Stanton, W., Lord, R., Petocz, P. and Pepping, G.J. (2017). Factors 
affecting measurement of salivary cortisol and secretory immunoglobulin A in field 
studies of athletes. Frontiers in Endocrinology, 8, 168. 
Purge, P., Jürimäe, J. and Jürimäe, T. (2006). Hormonal and psychological adaptation 
in elite male rowers during prolonged training. Journal of Sports Sciences, 24(10), 
1075-82. 
Putlur, P., Foster, C., Miskowski, J.A., Kane, M.K., Burton, S.E., Scheett, T.P. and 
McGuigan, M.R. (2004). Alteration of immune function in women collegiate soccer 
players and college students. Journal of Sports Science and Medicine, 3(4), 234-43. 
Pyne, D.B., Gleeson, M., McDonald, W.A., Clancy, R.L., Perry, C. and Fricker, P.A. 
(2000). Training strategies to maintain immunocompetence in athletes. International 
Journal of Sports Medicine, 21(1), 51-60. 
Pyne, D.B. and Martin, D.T. (2011). Fatigue-insights from individual and team. In 
F.E. Marino, ed. Regulation of Fatigue in Exercise. New York: Nova Science. 177–
85. 
Ratner, B. (2009). The correlation coefficient: Its values range between+ 1/− 1, or do 
they? Journal of Targeting, Measurement and Analysis for Marketing, 17(2), 139-42. 
Reid, M., Mackinnon, L. and Drummond, P. (2001). The effects of stress management 
on symptoms of upper respiratory tract infection, secretory immunoglobulin A, and 
mood in young adults. Journal of Psychosomatic Research, 51(6), 721-28. 
Reilly, T. and Williams, A.M. (2003). Introduction to science and soccer. In Science 




Roberts, S.P., Trewartha, G., Higgitt, R.J., El-Abd, J. and Stokes, K.A. (2008). The 
physical demands of elite English Rugby union. Journal of Sports Sciences, 26(8), 
825-33. 
Robinson, D. and Milne, C. (2002). Medicine at the 2000 Sydney Olympic Games: 
the New Zealand health team. British Journal of Sports Medicine, 36(3), 229-29. 
Roe, G., Darrall-Jones, J., Till, K., Phibbs, P., Read, D., Weakley, J. and Jones, B. 
(2016a). Between-days reliability and sensitivity of common fatigue measures in 
Rugby players. International Journal of Sports Physiology and Performance, 11(5), 
581-86. 
Roe, G.A., Phibbs, P.J., Till, K., Jones, B.L., Read, D.B., Weakley, J.J. and Darrall-
Jones, J.D. (2016b). Changes in adductor strength after competition in academy Rugby 
union players. The Journal of Strength and Conditioning Research, 30(2), 344-50. 
Rogalski, B., Dawson, B., Heasman, J. and Gabbett, T.J. (2013). Training and game 
loads and injury risk in elite Australian footballers. Journal of Science and Medicine 
in Sport, 16(6), 499-503. 
Ronsen, O. (2005). Prevention and management of respiratory tract infections in 
athletes. New studies in athletics. International Association of Athletics Federations 
(IAAF), 20(3), 49. 
Roos, K.G., Wasserman, E.B., Dalton, S.L., Gray, A., Djoko, A., Dompier, T.P. and 
Kerr, Z.Y. (2017). Epidemiology of 3825 injuries sustained in six seasons of National 
Collegiate Athletic Association men's and women's soccer (2009/2010–2014/2015). 
British Journal of Sports Medicine, 51(13), 1029-34. 
Rowell, A.E., Aughey, R.J., Hopkins, W.G., Esmaeili, A., Lazarus, B.H. and 
Cormack, S.J. (2018). Effects of training and competition load on neuromuscular 
recovery, testosterone, cortisol, and match performance during a season of 
professional football. Frontiers in Physiology, 9, 668. 
Rushall, B.S. (1990). A tool for measuring stress tolerance in elite athletes. Journal of 




Sampson, J.A., Murray, A., Williams, S., Halseth, T., Hanisch, J., Golden, G. and 
Fullagar, H. (2018). Injury risk-workload associations in NCAA American college 
football. Journal of Science and Medicine in Sport, 21(12), 1215-20. 
Saw, A.E., Kellmann, M., Main, L.C. and Gastin, P. (2017). Athlete self-report 
measures in research and practice: considerations for the discerning reader and 
fastidious practitioner. International Journal of Sports Physiology and Performance, 
12(2), S2-127. 
Saw, A., Main, L. and Gastin, P. (2015). Monitoring the athlete training response: 
subjective self-reported measures trump commonly used objective measures: a 
systematic review. British Journal of Sports Medicine, 0, 0-13. 
Sawczuk, T., Jones, B., Scantlebury, S. and Till, K. (2018). Relationships between 
training load, sleep duration, and daily well-being and recovery measures in youth 
athletes. Pediatric Exercise Science, 30(3), 345-52. 
Scantlebury, S., Till, K., Sawczuk, T., Phibbs, P. and Jones, B. (2018). Validity of 
retrospective session rating of perceived exertion to quantify training load in youth 
athletes. The Journal of Strength and Conditioning Research, 32(7), 1975-80. 
Schmuckler, M.A. (2001). What is ecological validity? A dimensional analysis. 
Infancy, 2(4), 419-36. 
Scott, T.J., Black, C.R., Quinn, J. and Coutts, A. (2013). Validity and reliability of the 
session-RPE method for quantifying training in Australian football: a comparison of 
the CR10 and CR100 scales. The Journal of Strength and Conditioning Research, 
27(1), 270-76. 
Selye, H. (1956). The stress of life. New York: McGraw-Hill. 
Sikorski, E.M., Wilson, J.M., Lowery, R.P., Joy, J.M., Laurent, C.M., Wilson, S.M., 
Hesson, D., Naimo, M.A., Averbuch, B. and Gilchrist, P. (2013). Changes in perceived 
recovery status scale following high-volume muscle damaging resistance exercise. 
The Journal of Strength and Conditioning Research, 27(8), 2079-85. 
Smith, D.J. (2003). A framework for understanding the training process leading to 




Stares, J., Dawson, B., Peeling, P., Heasman, J., Rogalski, B., Drew, M., Colby, M., 
Dupont, G. and Lester, L. (2018). Identifying high risk loading conditions for in-
season injury in elite Australian football players. Journal of Science and Medicine in 
Sport, 21(1), 46-51. 
Steptoe, A., Hamer, M., Lin, J., Blackburn, E.H. and Erusalimsky, J.D. (2017). The 
longitudinal relationship between cortisol responses to mental stress and leukocyte 
telomere attrition. The Journal of Clinical Endocrinology and Metabolism, 102(3), 
962-69. 
Stølen, T., Chamari, K., Castagna, C. and Wisløff, U. (2005). Physiology of soccer: 
an update. Sports Medicine, 35(6), 501-36. 
Stone, M.H., Keith, R.E., Kearney, J.T., Fleck, S.J., Wilson, G.D. and Triplett, N.T. 
(1991). Overtraining: a review of the signs, symptoms and possible causes. The 
Journal of Strength and Conditioning Research, 5(1), 35-50. 
Stone, K.J. and Oliver, J.L. (2009). The effect of 45 minutes of soccer-specific 
exercise on the performance of soccer skills. International Journal of Sports 
Physiology and Performance, 4(2), 163-75. 
Stults-Kolehmainen, M.A., Bartholomew, J.B. and Sinha, R. (2014). Chronic 
psychological stress impairs recovery of muscular function and somatic sensations 
over a 96-hour period. The Journal of Strength and Conditioning Research, 28(7), 
2007-17. 
Taylor, D.J., Bramoweth, A.D., Grieser, E.A., Tatum, J.I. and Roane, B.M. (2013). 
Epidemiology of insomnia in college students: relationship with mental health, quality 
of life, and substance use difficulties. Behavior Therapy, 44(3), 339-48. 
Taylor, K., Chapman, D., Cronin, J., Newton, M.J. and Gill, N. (2012). Fatigue 
monitoring in high performance sport: a survey of current trends. Journal of 
Australian Strength and Conditioning, 20(1), 12-23. 
Thelwell, R.C., Wagstaff, C.R., Rayner, A., Chapman, M. and Barker, J. (2017). 
Exploring athletes’ perceptions of coach stress in elite sport environments. Journal of 




Thorpe, R.T., Atkinson, G., Drust, B. and Gregson, W. (2017a). Monitoring fatigue 
status in elite team-sport athletes: implications for practice. International Journal of 
Sports Physiology and Performance, 12(2), S2-27. 
Thorpe, R.T., Strudwick, A.J., Buchheit, M., Atkinson, G., Drust, B. and Gregson, W. 
(2015). Monitoring fatigue during the in-season competitive phase in elite soccer 
players. International Journal of Sports Physiology and Performance, 10(8), 958-64. 
Thorpe, R.T., Strudwick, A.J., Buchheit, M., Atkinson, G., Drust, B. and Gregson, W. 
(2016). Tracking morning fatigue status across in-season training weeks in elite soccer 
players. International Journal of Sports Physiology and Performance, 11(7), 947-52. 
Thorpe, R.T., Strudwick, A.J., Buchheit, M., Atkinson, G., Drust, B. and Gregson, W. 
(2017b). The influence of changes in acute training load on daily sensitivity of 
morning-measured fatigue variables in elite soccer players. International Journal of 
Sports Physiology and Performance, 12(2), S2-107. 
Tiernan, C., Comyns, T., Lyons, M., Nevill, A.M. and Warrington, G. (2020). Salivary 
IgA as a predictor of upper respiratory tract infections and relationship to training load 
in elite Rugby union players. The Journal of Strength and Conditioning Research, 
15(1), 113-118. 
Toohey, L.A., de Noronha, M., Taylor, C. and Thomas, J. (2018). The validity and 
reliability of the sphygmomanometer for hip strength assessment in Australian football 
players. Physiotherapy Theory and Practice, 34(2), 131-36. 
Tsai, M., Chou, K., Chang, C. and Fang, S. (2009). Changes of mucosal immunity and 
antioxidation activity in elite male Taiwanese taekwondo athletes associated with 
intensive training and rapid weight loss. British Journal of Sports Medicine, 45, 729–
34. 
Tsigos, C. and Chrousos, G.P. (2002). Hypothalamic–pituitary–adrenal axis, 
neuroendocrine factors and stress. Journal of Psychosomatic Research, 53(4), 865-71. 
Twist, C. and Highton, J. (2013). Monitoring fatigue and recovery in Rugby league 




Urhausen, A., Gabriel, H. and Kindermann, W. (1995). Blood hormones as markers 
of training stress and overtraining. Sports Medicine, 20(4), 251-76. 
Urhausen, A., Gabriel, H. and Kindermann, W. (1998). Impaired pituitary hormonal 
response to exhaustive exercise in overtrained endurance athletes. Medicine and 
Science in Sports and Exercise, 30(3), 407-14. 
Veugelers, K.R., Young, W.B., Fahrner, B. and Harvey, J.T. (2016). Different 
methods of training load quantification and their relationship to injury and illness in 
elite Australian football. Journal of Science and Medicine in Sport, 19(1), 24-28. 
Wang, C., Vargas, J.T., Stokes, T., Steele, R. and Shrier, I. (2020). Analyzing activity 
and injury: lessons learned from the acute:chronic workload ratio. Sports Medicine, 1-
12. 
Wiewelhove, T., Raeder, C., Meyer, T., Kellmann, M., Pfeiffer, M. and Ferrauti, A. 
(2015). Markers for routine assessment of fatigue and recovery in male and female 
team sport athletes during high-intensity interval training. PloS One, 10(10), 
e0139801. 
Wilkerson, G.B., Simpson, K.A. and Clark, R.A. (2017). Assessment and training of 
visuomotor reaction time for football injury prevention. Journal of Sport 
Rehabilitation, 26(1), 26-34. 
Williams, S. and Manley, A. (2014). Elite coaching and the technocratic engineer: 
Thanking the boys at Microsoft! Sport, Education and Society, 21(6), 828-50. 
Williams, S., Trewartha, G., Cross, M.J., Kemp, S.P. and Stokes, K.A. (2017a). 
Monitoring what matters: a systematic process for selecting training-load measures. 
International Journal of Sports Physiology and Performance, 12(2), S2-101. 
Williams, S., Trewartha, G., Kemp, S. and Stokes, K. (2013). A meta-analysis of 
injuries in senior men’s professional Rugby union. Sports Medicine, 43(10), 1043-55. 
Williams, S., West, S., Cross, M.J. and Stokes, K.A. (2017b). Better way to determine 




Windt, J. and Gabbett, T.J. (2016). How do training and competition workloads relate 
to injury? The workload-injury aetiology model. British Journal of Sports Medicine, 
51(5), 428-35. 
Windt, J. and Gabbett, T.J. (2018). Is it all for naught? What does mathematical 
coupling mean for acute: chronic workload ratios? British Journal of Sports Medicine, 
0(0), 1-3. 
Windt, J., Gabbett, T.J., Ferris, D. and Khan, K.M. (2017a). Training load-injury 
paradox: is greater preseason participation associated with lower in-season injury risk 
in elite Rugby league players? British Journal of Sports Medicine, 51(8), 645-50. 
Windt, J., Zumbo, B.D., Sporer, B., MacDonald, K. and Gabbett, T.J. (2017b). Why 
do workload spikes cause injuries, and which athletes are at higher risk? Mediators 
and moderators in workload–injury investigations. British Journal of Sports Medicine, 
51(13), 993–94. 
Wollin, M., Pizzari, T., Spagnolo, K., Welvaert, M. and Thorborg, K. (2018). The 
effects of football match congestion in an international tournament on hip adductor 
squeeze strength and pain in elite youth players. Journal of Sports Sciences, 36(10), 
1167-72. 
Wood, R.E., Hayter, S., Rowbottom, D. and Stewart, I. (2005). Applying a 
mathematical model to training adaptation in a distance runner. European Journal of 
Applied Physiology, 94(3), 310-16. 
World Medical Association. (2013). World medical association declaration of 
Helsinki: ethical principles for medical research involving human subjects. The 
Journal of the American Medical Association, 310(20), 2191–94. 
World Rugby. (2016). https://www.world.rugby/. [Online] Available at: 
https://www.world.rugby/development/player-numbers [Accessed 12 July 2019]. 
Yeomans, C., Kenny, I.C., Cahalan, R., Warrington, G.D., Harrison, A.J., Hayes, K., 
Lyons, M., Campbell, M.J. and Comyns, T.M. (2018). The incidence of injury in 

















Appendix 1- Information Sheet 





PARTICIPANT INFORMATION SHEET 
Evaluation of selected subjective and objective monitoring markers aimed at 
optimising training load in elite Rugby union players. 
What is the project about? 
This research aims to investigate, without disruption to your typical training schedule, 
the reliability and sensitivity of selected current subjective and objective 
(physiological and psychological) monitoring markers, for recovery and readiness to 
train in elite Rugby union players. 
What will I have to do? 
You will be asked to place a swab on the top of your tongue, until the stem turns blue 
(between 20-50 seconds), after you have eaten breakfast but before you have trained. 
The swab will then be placed in a test tube and given to the researcher at training. You 
will complete this on a Monday and Friday morning (7-7.30am) for the season. 
Baseline questionnaires will be completed on Monkey survey during the first week of 
pre-season. Weekly record of any 2+ cold symptoms for 2+ days will be noted.  
For sleep monitoring, you will complete modified sleep questionnaire on a Monday 
and Friday morning indicating sleep quality for the previous night (while swab is being 
taken).  
As part of your current daily training routine a number of parameters are monitored 
each morning and will continue to be collected and recorded for the purpose of the 




1. Self-report measures of muscle soreness, stress level, fatigue scale, sleep Quality 
and training game performance (all scale 1-10).  
2. Non-sport stress, non-sport Load, missed training due to Injury/Illness, missed 
training due to enforced rest/load management, lower back pain (Yes or No).  
3. Rating of perceived exertion (RPE) (Borg, 1985) scale 0-10, used for coaches and 
players to describe how intense they felt the session to be, this is completed after every 
session. Training load is then quantified as Session RPE = RPE x duration of session 
(mins) after every session.  
4. Neuromuscular measures: groin squeeze, ankle mobility (knee to wall), sit and reach 
and counter-movement jump. 
What are the benefits? 
With the findings from the study, the aim is to maximise training adaptations and to 
plan sufficient recovery to try and reduce illness and injury, improve health and 
wellbeing, prevent over-training and non-functional over-reaching and ultimately 
reduce days missed training. From the instant feedback and results, information will 
be provided to coaches (with permission from the subjects), which could be used to 
alter training load, modify training program, continue regular training but be aware of 
current circumstances and be able to plan appropriate recovery. 
What are the risks? 
There are minimal to no risks involved with adding salivary cortisol, IgA and sleep to 
the subjects current training schedule, the risks are no greater than what your current 
risks are with training.  
What if I do not want to take part? 
You can stop taking part in the research study at any time. Should you feel at any stage 
that you want to stop taking part in the study, then this will be dealt with in a sensitive 
and confidential manner.  




The information gathered from the study will be handled in complete confidence. 
Results of the subjects as well as their confidentiality are the first priority of the 
researchers carrying out the study. All data collected will be stored safely, securely 
and confidentially. Only the researchers will have access to the data, however with 
written consent from yourself the coaches can have access to your individual data to 
help with planning appropriate personalised recovery and training load (with instant 
results and feedback). The IRFU will have anonymised access to the data with your 
permission as well. When the study is finished, information will be kept on the 
computer of one of the principal investigator (Giles Warrington) which is password-
protected. 
Who else is taking part? 
There will be 20 Munster academy players participating in this study. 
What if something goes wrong? 
In the unlikely event that something goes wrong, the testing procedure will 
immediately stop and the Munster emergency procedures will be followed. 
What happens at the end of the study? 
At the end of the study, the information will be used to present results to Munster, 
IRFU, national and international conferences but the information will be completely 
anonymous. All data and subject detail/information will be held by the principal 
investigator (Giles Warrington) for up to 7 years on a password-protected computer at 
UL. 
What if I have more questions or do not understand something. 
If you do not understand any aspect of the research, please contact any of the 
researchers and discuss any questions that you might have. It is important that you feel 
completely at ease during the research. 
What if I change my mind during the study? 
Should you feel at any stage that you want to stop being a participant in the research, 




Thank you for taking the time to read this information sheet.  
Contact name and number of Project Investigators. 
Principal Investigator- Giles Warrington  
Faculty Member, PESS Dept. University of Limerick, Tel (061) 234903 
Email: Giles.warrington@ul.ie  
 
Other investigators 






If you have any concerns about this study and wish to contact someone 
independent, you may contact: The EHS Research Ethics Contact Point of the 
Education and Health Sciences Research Ethics Committee, Room E1003, 
University of Limerick, Limerick. 
Dr Tom Comyns  
Lecturer in Human 





Dr Mark Lyons 















PARTICIPANT INFORMATION SHEET 
Evaluation of selected subjective and objective monitoring markers aimed at 
optimising training load in elite soccer players. 
What is the project about? 
The aim is to investigate, without disruption to players’ typical training schedule, if 
there is a relationship between training load and selected subjective and objective 
monitoring markers, for recovery and readiness to train in elite soccer players. 
Practical aim: Optimise performance and training load by reducing preventable 
overload injuries and days missed training, while maximising training adaptations and 
allowing for sufficient recovery. 
What will I have to do? 
You will be asked on each training morning to complete the following monitoring 
markers on your mobile phone (free app to be downloaded), before training. This will 
take maximum 15 minutes.  
Self-report measures of muscle soreness, stress level, fatigue, physical recovery, 
energy level, general health and wellbeing, sleep quality (scale 1-5) and sleep quantity 
(time).  
Non-sport stress and illness (Yes or No).  
Neuromuscular measures: groin squeeze, sit and reach and counter-movement jump 
(Mondays only). 




Rating of perceived exertion (RPE) (Borg, 1985) scale 0-10, describe how intense you 
felt the session to be. Training load is then quantified by Session RPE x duration of 
session (mins), to get a weekly training load. 
At any point report any:  
Injuries (when and how it occurred, classification of injury) 
Illness (symptoms, how long it has lasted) 
What are the benefits? 
With the findings from the study, the aim is to maximise training adaptations and to 
plan sufficient recovery. Sufficient recovery is needed to try and reduce illness and 
injury, improve health and wellbeing, prevent over-training and non-functional over-
reaching and ultimately reduce days missed training. From the instant feedback and 
results, information will be provided to coaches (with permission from the subjects) 
which could be used to alter training load, modify training program, continue regular 
training but be aware of current circumstances and be able to plan appropriate 
recovery. 
What are the risks? 
The risks are no greater than what your current risks are with training.  
What if I do not want to take part? 
You can stop taking part in the research study at any time. Should you feel at any stage 
that you want to stop taking part in the study, this will be dealt with in a sensitive and 
confidential manner.  
What happens to the information? 
The information gathered from the study will be handled in complete confidence. 
Results of the subjects as well as their confidentiality are the first priority of the 
researchers carrying out the study. All data collected will be stored safely, securely 
and confidentially. Only the researchers will have access to the data, however with 
written consent from yourself the coaches can have access to your individual data to 
help with planning appropriate personalised recovery and training load (with instant 




computer of one of the principal investigator (Giles Warrington) which is password-
protected. 
Who else is taking part? 
There will be 22 Limerick FC senior players participating in this study. 
What if something goes wrong? 
In the unlikely event that something goes wrong, the testing procedure will 
immediately stop and the Limerick FC emergency procedures will be followed. 
What happens at the end of the study? 
At the end of the study, the information will be used to present results to Limerick FC, 
FAI, national and international conferences but the information will be completely 
anonymous. All data and subject detail/information will be held by the principal 
investigator (Giles Warrington) for up to 7 years on a password-protected computer at 
UL. 
What if I have more questions or do not understand something. 
If you do not understand any aspect of the research, please contact any of the 
researchers and discuss any questions that you might have. It is important that you feel 
completely at ease during the research. 
What if I change my mind during the study? 
Should you feel at any stage that you want to stop being a participant in the research, 
you are free to stop and take no further part. 
Thank you for taking the time to read this information sheet.  
Contact name and number of Project Investigators. 
Principal Investigator- Dr. Giles Warrington  
Head of Department, PESS Dept. University of Limerick, Tel (061) 234903 












If you have any concerns about this study and wish to contact someone independent, 
you may contact: The EHS Research Ethics Contact Point of the Education and 
Health Sciences Research Ethics Committee, Room E1003, University of Limerick, 
Limerick. 
Dr Tom Comyns  
Lecturer in Human 





Dr Mark Lyons 









Appendix 2- Informed Consent Form 
 
Informed Consent Form- Study 1, 2, and 4 
 
PARTICIPANT CONSENT 
Evaluation of selected subjective and objective monitoring markers aimed at 
optimising training load in elite Rugby union players. 
Should you agree to participate in this study please read the statements below and if 
you agree to them, please sign the consent form. 
 I have read and understood the participant information sheet.  
 I understand what the project is about, and what the results will be used for.  
 I understand that what the researchers find out in this study may be shared with 
others, and my personal data will be only shared with coaches for the purpose 
in personalising my recovery and training load. Other than this the results will 
be made anonymous and my name will not be disclosed in any other written 
material developed. 
 I am fully aware of what I will have to do, and of any risks and benefits of the 
study.  
 I know that I am choosing to take part in the study and that I can stop taking 
part in the study at any stage without giving any reason to the researchers. 
After considering the above statements, I consent to my involvement in this research 
project. 
Name: (please print): __________________________ 
Signature: ___________________________________Date: ______________ 











Evaluation of selected subjective and objective monitoring markers aimed at 
optimising training load in elite soccer players. 
Should you agree to participate in this study please read the statements below and if 
you agree to them, please sign the consent form. 
 I have read and understood the participant information sheet.  
 I understand what the project is about, and what the results will be used for.  
 I understand that what the researchers find out in this study may be shared with 
others, and my personal data will be only shared with coaches for the purpose 
in personalising my recovery and training load. Other than this the results will 
be made anonymous and my name will not be disclosed in any other written 
material developed. 
 I am fully aware of what I will have to do, and of any risks and benefits of the 
study.  
 I know that I am choosing to take part in the study and that I can stop taking 
part in the study at any stage without giving any reason to the researchers. 
After considering the above statements, I consent to my involvement in this research 
project. 
Name: (please print): __________________________ 
Signature: ___________________________________Date: ______________ 




Appendix 3-Modified Sleep Questionnaire, Stressful 
Situations and Breakfast Form- Study 1 and 4 
 
Participant ID:                         Time taken for the swab to turn blue:            
 
Date:   /   /   ,  Training week:       ,     
From your sleep LAST NIGHT, please answer the following questions as accurately 
as possible.  
 
1) What time did you go to bed?    :    am/pm 
2) How long did it take you to fall asleep?     mins 
3) What time did you wake up?    :    am/pm 
4) Did you wake at any point during the night?  Yes / No (please circle the most 
appropriate)  
a. How long did you stay awake for?     mins 
b. Reason for waking (e.g. toilet, too cold, too hot, snoring, dreams, 
coughing, uncomfortable breathing, someone else woke you)     
                
















Did you experience any stressful situations, upsets, irritations, things outside of 
your control, last night?  
 





Appendix 4- URTI Reporting Form- Study 4 
 
Participant ID:                         Time taken for the swab to turn blue:            
 
Date:   /   /   ,  Training week:       ,   
 
1. In the last week, have you had 2 or more of the following symptoms lasting 2 

















3. How did it affect your daily activity? Please circle most appropriate. 
 
1 2 3 
 No impact on their daily 
activity 
Some impact on their 
daily activity 
Lead to a significant 
decrease in daily 
activities 
Symptoms/signs Tick symptoms you have 
Cough  
Runny nose  
Nasal congestion  
Headache  
Sore throat  
Sneezing  
Stuffy nose  
Malaise (general feeling of 
discomfort, illness, or unease) 
 
Chilliness  
Tight or wheezy chest  




Appendix 5- Athlete Monitoring App Screenshot- Study 3 
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approved by all supervisors (Dr. Giles Warrington, Dr. Mark Lyons and Dr. Tom Comyns). 
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of papers for publication, conferences and rebuttals from the supervisory team. The 
candidate is the primary author of all papers published for this PhD.  
The primary supervisor and co-authors agree with the above statement 
 
________________________ Date: ___________________ 





________________________ Date: ___________________ 




________________________ Date: ___________________ 
Dr. Tom Comyns 
 
 
________________________ Date: ___________________ 



















Appendix 9- Conference Publications  
 
Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2019). The 
association between contact injuries and training load indices in elite soccer players.  
British Association of Sport and Exercise Science 2019 Annual Meeting, Leicester, 





Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2019). Salivary 
IgA as a predictor of upper respiratory tract infections (URTI) in elite Rugby union 
players. American College of Sports Medicine 2019 Annual Meeting, Orlando, USA, 






Tiernan, C. (2019). Investigation of the relationship between training load, monitoring 
markers of recovery, injuries and illness, in elite team sports. Thesis in 3, University 








Tiernan, C., Lyons, M., Comyns, T. and Warrington, G. (2019). The influence of prior 
dietary intake on salivary IgA and cortisol levels in male collegiate athletes. All-
Ireland Post Graduate Conference in Sport Science, Physical Activity and Physical 








Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2018). The 
relationship between salivary cortisol and training load in elite Rugby union players. 






Tiernan, C., Lyons, M., Comyns, T., Nevill, A. and Warrington, G. (2018). The 
relationship between salivary cortisol and training load in elite Rugby union players. 
23rd Annual Faculty of Sport and Exercise Medicine, University of Limerick, March 




Appendix 10- Thesis in Three Minutes Award  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
